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PROGRESS REPORT: DoD Grant - PR100534P1
Title: New Treatments for Drug-Resistant Epilepsy that Target Presynaptic Transmitter Release

Principal Investigator: Patric K. Stanton, PhD
Department of Cell Biology & Anatomy, New York Medical College (NYMC),
Valhalla, NY

INTRODUCTION

Posttraumatic epilepsy is a major long-term complication of traumatic brain injury (TBI), that
usually develops within 5 years of head injury (Schauwecker, 2012), and is often expressed as
medically intractable hippocampal epilepsy (Turski et al., 1984; Muller et al., 2009). Posttraumatic
epilepsy can develop after penetrating or severe non-penetrating brain injury. Although there are a
variety of causes of traumatic epilepsy, the resulting chronic neurological condition is characterized by
common features, including recurrent spontaneous seizures, neuronal damage, and, in ~30% of mesial
temporal lobe epileptic (MTLE) patients, resistance to all available anticonvulsant drugs (Li et al., 2005;
Burrone et al., 2006). Therefore, it is of critical importance to develop novel models to study post-
traumatic epilepsy, to facilitate discovery of new treatments. During epileptogenesis, seizure-
related functional and structural reorganization of neuronal circuits leads to both hyperexcitability of
glutamatergic neurons and defective inhibition (Mello et al., 1993; Upreti et al., 2012). While many
postsynaptic alterations have been demonstrated, there is surprisingly little known concerning
dysfunction of presynaptic transmitter release machinery in epilepsy. The recent successful introduction
of the antiepileptic drug levetiracetam (LEV; Boulland et al., 2007), which acts on presynaptic molecular
targets, suggests that controlling dysregulation of presynaptic function could be a promising new
therapeutic target for the treatment of unresponsive epilepsies. While LEV has been shown to bind to
both the synaptic vesicle protein SV2a and N-type Ca?* channels (Epsztein et al., 2005; Esclapez et al.,
1999; Pacheco Otalora et al., 2006), its precise mechanism of action is not understood.

BODY

HYPOTHESIS AND OBJECTIVES:

During periods of intense neuronal activity such as seizures, a larger pool of vesicles could result in
more glutamate being released and long-lasting aberrant excitation. We propose to explore the effects
of seizures on transmitter release and the presynaptic action of AEDs on these changes. We will use
electrophysiology and multiphoton confocal microscopy. Preliminary data indicate that SE induces long-
lasting potentiation of synaptic vesicle release in epileptic rats. We hypothesize that successful AED
treatment might prevent or reverse these seizure-induced molecular deficiencies (reduction of N-type
VGCC, mGIuR Il and SV2a expression), and be antiepileptogenic as well. Our central hypothesis is
that pharmacological regulation of glutamate transmitter release at presynaptic sites will be an effective,
novel therapeutic strategy to ameliorate epileptogenesis and excessive synaptic excitation in epilepsy.
The long-term objectives of this collaborative proposal are to: (1) identify the most effective AEDs
which modulate presynaptic glutamate release, and (2) determine the presynaptic mechanism of action
of the new AED LEV to modulate vesicular release properties. Our central hypothesis is that
pharmacological regulation of glutamate transmitter release at presynaptic sites will be an effective,
novel therapeutic strategy to treat many cases of drug-resistant epilepsy, especially epileptogenesis
following traumatic brain injury. The long-term goals of this collaborative project are to: (1) identify the
most effective antiepileptic drugs amongst compounds that modulate presynaptic glutamate release
and (2) determine the presynaptic mechanism of action of the new antiepileptic drug levetiracetam
(LEV). In Year 1 of this proposal, we completed experiments that accomplished the vast majority
of specific Aim 1 Task 1, our portion of year 01 of the collaborative project, as outlined below.
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Specific Aim 1: Determine which antiepileptic drugs are most effective at reducing glutamate release
from mossy fiber presynaptic boutons (MFBs) in the pilocarpine model of mesial temporal lobe epilepsy
(MTLE) (months 1-12).

Working hypothesis: Drugs acting on presynaptic Ca®* channels, autoreceptors, and SV2a will
be more effective in reducing vesicular glutamate release at excitatory presynaptic terminals in the
hippocampus.

Research Accomplishments:

Task 1. Evaluate the effects of different concentrations of “classical” (e.g. carbamazepine, lamotrigine,
and topiramate, and “new generation” antiepileptic drugs (e.g. LEV) on presynaptic glutamate release
by using two-photon imaging of vesicular release of the fluorescent dye FM1-43 from individual mossy
fiber terminals in in vitro hippocampal slices.

Development of the pilocarpine model of epilepsy in mice and rats at both institutions. (Subtask
1a) single injection of pilocarpine in rats and in the transgenic Sp21 mice expressing the fluorescent
reporter of synaptic vesicle release and presynaptic function synaptophlourin (SpH).

YEAR 01 Stanton Lab

* Subtask 1a. Develop chronic epileptic rats with a single injection of pilocarpine (Dr. Garrido, Dr.
Pacheco, Dr. Stanton and Dr. Upreti; months 1-12).

e Subtask 1b. Prepare hippocampal slices from control and epileptic rats (Dr. Stanton, Dr. Upreti;
months 1-12).

* Subtask 1c. Image presynaptic transmitter release from individual mossy fiber terminals using
two-photon confocal laser scanning microscopy of the fluorescent dye FM1-43 (Dr. Stanton, Dr.
Zhang and Dr. Upreti; months 1-12).

* Subtask 1d. Test whether antiepileptic drugs modify kinetics of transmitter release in control
versus epileptic rats (Dr. Stanton, Dr. Zhang and Dr. Upreti; months 1-12).

* Subtask 1c. Statistical analysis of the experimental data (Dr. Stanton, Dr. Zhang and Dr.
Upreti, months 9-12).

1.a and 1.b. Developed the pilocarpine model of epilepsy in mice and rats at NYMC and UTB:

Colonies of chronically epileptic Sprague Dawley rats and SynaptopHlourin (SpH) mice were
established at both New York Medical College (NYMC) and the University of Texas at Brownsville
(UTB), using protocols validated in Dr. Garrido’s laboratory (Subtask 1a). In addition, the pilocarpine
model of mesial temporal lobe epilepsy (MTLE) was also developed in the SV2A/SV2B knockout mice
at the laboratory of Dr. Garrido. Hippocampal slices for multiphoton laser scanning confocal imaging
analysis of presynaptic release (Dr. Stanton, NYMC) and in vitro electrophysiology (Dr. Garrido, UTB)
were obtained from control and epileptic rats and transgenic mice (Subtask 1b).

Development of the pilocarpine model in SpH and SV2A knockout mice: Previous studies have
reported differential susceptibility of mouse strain to pilocarpine-induced status epilepticus and seizure-
induced excitotoxic cell death (Schauwecker, 2012). Therefore, in close collaboration with the
laboratory of Dr. Garrido-Sanabria at UTB, we optimized and fully characterized the pilocarpine model
in SpH-expressing mice (Sp21 variant), which express a fusion protein of vesicle-associated membrane
protein 2 (Vamp2) and a pH-sensitive green fluorescence protein under the control of the mouse
thymus cell antigen 1 (Thy1) promoter, which drives expression of SpH in granule cells of dentate gyrus
and their mossy fiber axons and presynaptic boutons in stratum lucidum of the hippocampus. Breeders
were obtained from Jackson Laboratories i.e. B6.CBA-Tg(Thy1-spH)21Vnmu/J, C57BL/6J (Stock
Number: 014651) to establish the colony Dr. Garrido’s laboratory, while this same strain was already
available at Dr. Stanton’s Laboratory (kind gift of Dr. Venkatesh Murthy, Harvard University). For the
induction of status epilepticus animals received methylscopolamine nitrate (0.1 mg/kg in saline, s.c.)
thirty minutes before pilocarpine to minimize peripheral effects of cholinergic stimulation (Turski et al.,
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1984). Thereafter, pilocarpine hydrochloride (350mg/kg) was intraperitoneally injected using different
doses (300, 320, 350 and 380 mg/kg of body weight, 5 animals per group). The dose used was most
efficient, yielding 90% of animals entering status epilepticus and 80% survival rate. After animals
entered status epilepticus, a second dose of methylscopolamine was subcutaneously injected and
animals were allowed to seize for 1 hour, after which motor seizures were terminated with injection of
diazepam (10 mg/kg in saline i.p.). Only animals experiencing continuous SE during these periods were
studied. Control animals received methylscopolamine and saline instead of pilocarpine. This
pilocarpine model of mesial temporal lobe epilepsy was also optimized in wild type, heterozygous and
knockout SV2A mice obtained from Jackson Laboratories (Stock number: 006383, B6; 129P2-
Sv2a™Su Sy2p™Sud))) . These animals were developed with the same genetic background (C57BL/6J)
of the SpH21 mice. Accordingly, the same concentrations of methylscopolamine and pilocarpine were
used following the same protocol as for SpH mice. Now that we have extended the pilocarpine model to
SV2A knockout mice, these animals will be employed in the Stanton laboratory to evaluate the role of
SV2A and targeting of this protein by levetiracetam in seizure-induced enhancement of mossy fiber
presynaptic vesicular release, and in the Garrido-Sanabria laboratory to examine its importance to
excitatory activation of dentate granule cells using whole-cell recordings (Task 2).

1.c.1 Two-photon laser scanning microscopy imaging of vesicular transmitter release from large
mossy fiber boutons of epileptic rats and synaptopHluorin (SpH)-expressing mice.

Two-photon laser scanning microscopy imaging of large mossy fiber boutons of
synaptopHIuorin expressing transgenic mice in acute hippocampal slices — a new model to
directly image presynaptic transmitter release during epilepsy

SynaptopHluorin (SpH) is a fusion protein that consists of a pH sensitive eGFP (pHluorin)
fused to the C-terminus luminal domain of the vesicle SNARE protein synaptobrevin (Miesenbock et al.,
1998). Under resting conditions, the luminal pH of the synaptic vesicle is acidic (pH~5.5), resulting in
proton dependent quenching of SpH fluorescence. When vesicle exocytosis is triggered and glutamate
released, the lumen of the vesicle is exposed to the more alkaline pH of the extracellular space
(pH~7.2), resulting in a 20-fold increase in SpH fluorescence. When the vesicle membrane is retrieved
by endocytosis and the vesicle reformed, it undergoes rapid reacidification by the vesicular ATPase,
which returns SpH to its quenched state. The SpH21 transgenic mice line we used in this study,
expresses SpH preferentially at glutamatergic synapses (Li et al., 2005; Burrone et al., 2006; Bayazitov
et al., 2007). Representative two photon laser scanning image of the CA3 region of an acute
hippocampal slice from this mouse (Figure. 1A) contains bright GFP positive boutons >2 ym in
diameter, proximal to CA3 pyramidal cell bodies in the region innervated by mossy fiber axons of
dentate granule cells (Blackstad et al., 1970; Claiborne et al., 1986). Associational-commissural CA3
synapses are significantly smaller (<1 ym in diameter) and more distal to our region of interest
(rectangular box, Figure 1A).

To confirm that large SpH expressing boutons were mossy fiber terminals, we used
anterograde, bulk labeling of mossy fibers with Alexa Fluor 594 dextran introduced into the granule cell
layer of the dentate gyrus (Figure 1B). During a 1.5-2 hour incubation, Alexa Fluor 594 dextran was
taken up by granule cells and transported anterogradely to label mossy fiber axons and presynaptic
boutons (Figure 1C). Figures 1E and 1F illustrate that some (solid arrows) but not all (broken arrows)
SpH and Alexa Fluor 594-positive boutons were co-labeled confirming that, indeed, the large (>2um in
diameter) SpH fluorescent puncta within the proximal 60 um of the CA3 cell body are the excitatory
mossy fiber boutons (Figure. 1D). Associational-commissural CA3 synapses are significantly smaller
(<1um in diameter) and more distal to our region of interest (rectangular box, Fig. 1A). Incomplete co-
localization is likely because Alexa Fluor 594-labeled a subset of mossy fiber axons in stratum lucidum
in addition to sparse SpH expression in the excitatory terminals (Li et al., 2005; Burrone et al., 2006).
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A B Figure 1: Visualizing mossy fiber boutons (MFBs)
in acute hippocampal slices from SpH21
transgenic mice line. (A) Live cell two photon laser
scanning image of field CA3 of SpH expressing
glutamatergic terminals in a control hippocampal slice
(postnatal 60 days). The arrows depict representative
fluorescence puncta (about 4-5 pym in diameter) in the
proximal (stratum lucidum) region of CA3 pyramidal
cells (seen here as a ghost layer) that are likely to be
giant MFBs. Distal puncta shown within the
rectangular box are notably smaller in size and likely
represent the associational-commissural synapses in
the stratum radiatum. Stratum pyramidale (Str. Pyr.)
and Stratum Oriens (Str. Ori.). Scale bar = 20 um. (B)
Cartoon representing the hippocampal circuitry with
the circle in the mossy fiber pathway (MFP) depicting

the area of imaging, ,depicts the area of local
Str. Ori. Str. Ori. Str. Ori. stimulation and the pipette in the dentate granule cell
layer (DG) shows the area of Alexa Fluor 594 dextra
containing pipette insertion. (PP: perforant path, SC:
Schaffer collaterals, squares and pentagons depict
CA3 and CA1 pyramidal cell layers respectively). (C)
Alexa Fluor 594 dextran filled MF axons and giant
MFB (arrows) showing characteristic en-passant
arrangement along the axonal projections, visualized
using 825nm excitation. (D) Same region as (C) but
visualized with 890nm excitation to see SpH native
fluorescence. CA3 pyramidal cell bodies can be seen
as ghost cells in stratum pyramidal (Str. Pyr), and
bright giant MFB in stratum Ilucidum. Scale bar = 20
um (C-E). (E-F) Merged images of (C) and (D) show
colocalization (f: arrows) between SpH and Alexa Fluor 594 dextran-labeled puncta. (F) Digital zoom of image from inset box
in (E), scale bar = 4 ym. Not all SpH-positive puncta colocalized with Alexa Fluor 594 (F: broken arrows).

A

Str: Luc.

Str. Pyr. Str. Pyr. Str. Pyr.

Pilocarpine-induced status epilepticus persistently increases size, vesicular release rate and
endocytosis of mossy fiber boutons in SpH-expressing mice

Size: Live cell imaging of mossy fiber boutons in acute hippocampal slices was done by bulk
loading a group of granule cells and their axons with Alexa Fluor 594-dextran. Dye-filled excrescences
(Figure. 2A) were classified as the main body of giant mossy fiber boutons if they had at least a 4pm?
cross-sectional area (Claiborne et al., 1986; Acsady et al., 1998; Danzer et al., 2010). The mean area
of mossy fiber boutons 1-2 months after pilocarpine induced-SE were significantly enhanced (~21.09%,
Fig. 4C, P=0.008, Mann-Whitney U-test, n=7) when compared to aged matched controls (n=7). A
frequency distribution histogram of individual mossy fiber boutons from epileptic animals revealed a
significant rightward shift in the curves (Fig. 2B; P <0.05 Kolgomorov-Smirnov test) and an overall
significant increase in mossy fiber bouton imaging area (Fig. 2C; P<0.05, Mann-Whitney U-test).
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Figure 2: Pilocarpine-induced SE leads to persistent
increase in dentate gyrus giant MFB area. (A) Live cell
two-photon images of Alexa Fluor 594 dextran loaded giant
mossy fiber terminals from field CA3 of acute hippocampal
slices from control and post-SE mice. The arrow shows a
filopodia-like projection arising from the giant MFB. Scale
bar = 5y m. (B) Frequency distribution histogram of
individual MFBs area from control (black columns, total of
336 boutons, n=7) and 1-2 months post-SE mice (red
columns, 394 boutons, n=7). (C) Mean MFB area for control
(black column, 9.05 + 0.52 um?) and epileptic (red column,
11.47 + 0.48 pm?) mice. Data plotted as mean + SEM, *
P<0.05, Mann-Whitney U-test.
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Vesicular Exocytosis: To determine whether post-SE leads to functional differences in
transmitter release from excitatory mossy fiber boutons we utilized two-photon live cell imaging in slices
from SpH21 mice. To trigger vesicular release from mossy fiber boutons in CA3 stratum Ilucidum (Fig.
1B-F), slices from control and post-SE animals were stimulated with a single, continuous train of 600
stimuli at 20Hz (Fig. 2B), a paradigm that recruits both the RRP and rapidly recycling vesicle pools (Li
et al., 2005). Representative time lapse images (Figure 3A) of control and post-SE SpH expressing
mossy fiber boutons (solid arrows) showed robust, cumulative increases in SpH fluorescence intensity
during the stimulus train, followed by return of fluorescence to baseline levels ~40 sec after stimulus
termination (Figure 3B). Figure 3C plots the normalized mean SpH fluorescence responses in control
versus post-SE animals, which showed significantly larger stimulus-evoked increases in SpH
fluorescence (2.02 + 0.15, red circles, n=8, P<0.05, Student’s t-test) compared to controls (1.47 + 0.03,
black circles, n=10).

A Before stimulation 300 Stimuli at 20Hz 600 Stimuli at 20Hz After stimulation Figure 3: Pilocarpine-
induced SE enhances
vesicular release and
endocytosis at mossy
fiber terminals in CA3
stratum lucidum. (A)
Two-photon images
from control and post-
SE SpH-expressing
MFBs in proximal apical
dendritic region of CA3

neurons. Solid arrows
indicate puncta that

Control

Post-SE

B % D E showed activity-driven

3¢ S sor ,‘g"" o2 _u fluorescence changes

8as ®22f O Post-sE 4 08 3] 0 .
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(B) Representative time course of normalized fluorescence intensity of individual boutons from a control (black traces) and a
post-SE (red traces) slice in response to the 600 pulse 20Hz MF stimulation (black bar shows duration of the train). (C)
Normalized, evoked SpH fluorescence increases in response to a 600pulse 20Hz MF stimulus train, in MFBs from control (. ,
Fpeak = 1.47 £ 0.03, n=10) and post-SE (o, Fpeak = 2.02 £0 .15, n=8) slices. Fyeak Was significantly increased in post-SE slices
(P<0.05, Student’s t-test; all values mean + SEM). (D) Frequency distribution histogram of normalized peak SpH fluorescence
for all MFB’s in post-SE (Fpeak = 1.76 £ 0.04, 100/115 puncta and 3.89 £ 0.10, 15/115 puncta) versus control (Fpeak = 1.41 %
0.025, 93 puncta). Inset is a cumulative histogram of normalized peak SpH fluorescence, P<0.001 Kolgomorov-Smirnov test.
(E) Mean fluorescence values of scaled SpH fluorescence decay (data normalized to respective peak fluorescence values

from 4C) after cessation of stimulation, ® control and o Post-SE. Inset represents mean + SEM of individual decay constants
derived by a single exponential fit to the SpH fluorescence decay curve. Control (black bar), T = 10.4 + 0.77 s, n=67 and post-
SE (red bar), 1=7.23 £ 0.32 s, n=133 (*, P<0.05, Student’s t-test).

As shown in figure 4 below, we did not see any global change in VAMP-2 expression after the
induction of SE. This result could be due to either a general increase in release probability of existing
mossy fiber boutons or appearance of a distinct sub-population of terminals with higher release
probabilities. To resolve this distinction, we plotted a distribution histogram (Figure 3D) of the
normalized peak SpH fluorescence values, which are a function of the total number of vesicles released
during the stimulus train. Control and post-SE distributions of peak SpH fluorescence for all individual
mossy fiber boutons, indicate the appearance of a new sub-population of about 3-fold higher release
rate MFBs in the post-SE animals. The cumulative probability distribution (Figure 3D inset) showed a
significant increase in peak SpH fluorescence attained for the post-SE when compared to controls,
P<0.001 Kolgomorov-Smirnov test).

A e Figure 4: Western blot analysis of Synaptobrevin/VAMP2 expression after
R w00 { o ] I | | pilocarpine-induced status epilepticus (SE). (A) Graph representing semi-
§ wo quantitative analysis of optical density (OD) for the synaptobrevin/VAMP2-positive
Eézx bands revealed no significant differences among experimental groups (animals
E 20000 sacrificed at 24h, 10 days, 1 month and 3 months after SE) and control samples (data

T was normalized to control values and represented as bars=means + SE, P>0.05,

B ANOVA n=3). (B) Representative Western blot experiment showing no apparent

L e changes in the intensity of VAMP2-positive immunobands around 10-13kD for the
21402 B different samples. C= Control. Ladder (L) indicates the molecular weight of 21 KDa.

VAMP2

Vesicular Endocytosis: To determine whether there are also changes in rate of vesicle
endocytosis (recovery of vesicles for reuse after release) in mossy fiber boutons, we used the decay
kinetics of SpH fluorescence after the end of the stimulus train. Since vesicle endocytosis is the rate-
limiting step for decay in vesicle fluorescence (Sankaranarayanan and Ryan, 2000), determining the
decay constant (1) of this fluorescence gives an estimate of the rate of vesicle endocytosis. We first
normalized the mean peak stimulus-evoked SpH fluorescence increases to 1.0 for control and post-SE
slices, to compare directly the time courses of decay. As shown in figure 3E, the mean rate of decay of
SpH fluorescence from peak to baseline for epileptic slices was significantly faster (red circles) when
compared to control (black circles, P<0.05, Student’s t-test), indicating an enhanced speed of
endocytosis. We also fit single exponential decay functions to curves for individual mossy fiber boutons
to determine the decay time constants in post-SE and control mossy fiber boutons. As shown in figure
3E inset above, chronic post-SE led to a significant decrease in decay time constants (red bar, T =7.23
+ 0.32 s vs. control slices (black bar), T =10.4 £ 0.77 s, P<0.05; Student’s t-test) also consistent with
acceleration in the rate of vesicle retrieval.
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FM1-43 measurement of changes in vesicular release from the rat mossy fiber bouton readily
releasable pool at early and late time points post-status epilepticus

As a second, independent measure of vesicular release, we estimated the time course of
neurotransmitter release in slices from post-SE Sprague-Dawley rats using two-photon imaging of
stimulus-evoked release of the styryl dye FM1-43 as described previously (Stanton et al., 2003;
Zakharenko et al., 2003; Stanton et al., 2005; Winterer et al., 2006; Bailey et al., 2008). We loaded
FM1-43 selectively into vesicles of the RRP with a 30 sec hypertonic shock and similar to SpH
fluorescence, we visualized bright puncta in the proximal region of field CA3 >2 um in diameter (Fig.
5A, solid arrows), presumably mossy fiber boutons (Galimberti et al., 2006). It is postulated hypertonic
solution produces Ca2" independent, asynchronous release of synaptic vesicles likely due to
perturbations in the tension of the interacting membranes (synaptic vesicle membrane and the plasma
membrane) that leads to a decrease energy barrier for membrane fusion (Stevens and Williams, 2000).
More distal puncta (Fig. 5A, white rectangular box) that took up FM1-43 were much smaller in size and
likely the associational-commissural synaptic terminals. Dye release was triggered by repetitive bursts
of 50 mossy fiber stimuli at a frequency of 20Hz, spaced 30 sec apart (Fig. 5B), to allow binding and
clearance by the scavenger ADVASEP-7 (100 uM; Zakharenko et al., 2003) and minimize potential
movement artifacts.

Figure 5C shows mean time courses of RRP loaded stimulus-evoked FM1-43 destaining from
mossy fiber boutons in slices up to 2 months (filled circles) post-SE was associated with a significantly
enhanced release of FM1-43 (~64% from prestimulus baseline, filled red circles, when compared to
age matched controls (~51% from prestimulus baseline, filled black circles, P<0.05, Student’s t-test).
Interestingly, 11 months post-SE showed a substantial slowing in MFB release rate in the epileptic
group (~21% from prestimulus baseline, open red circles) versus aged matched controls (~37% of
baseline, open black circles, P<0.05, Student’s t-test).

Figure 5: Pilocarpine-
induced SE enhances
evoked, but not action
potential independent,
presynaptic vesicular
release of FM1-43 from
the RRP in MFBs. (A)
Two-photon image of a
control field CA3 showing
FM1-43 loaded RRP of
MFBs. The solid arrows
show staining of giant
mossy fiber terminals, in
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Representative time-lapse
images of FM1-43 decay from the RRP using repetitive mossy fiber stimulus bursts (50 stimuli/20Hz each 30s) to evoke
release from MFB in control and 2 month post-SE slices, respectively. Panels 1 and 4 illustrate pre-stimulus baseline
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fluorescence, panels 2 and 5 fluorescence intensity after 15 trains, and panels 3 and 6 fluorescence intensity after 30 trains of
mossy fiber stimulation. Solid arrows indicate ROI's >2 ym in diameter that showed robust stimulus dependent FM1-43

destaining. Scale bar = 10 um (C) Time course of FM1-43 destaining 1-2months (2M) post-SE slices (. , 0.36 + 0.03, n=6),
aged matched controls (., 0.49 + 0.04, n=5), >11 month (11M) post-SE slices (o, 0.79 £ 0.04, n=5) and aged matched
controls (o, 0.62 + 0.04, n=6). (All points are mean + SEM of normalized fluorescence decay at 30" stimulus burst). P<0.05,
Student’s t-test. (D) Time course of first 4.5 minutes of action potential independent FM1-43 destaining in presence of TTX (1
pUM) and 15 mM [K+]o from the RRP in MFBs of 2M post-SE (filled circles, n=4) and aged matched control (open circles, n=5)
slices (All points are mean + SEM). Decay after 4.5 minutes in high [K+]o: Control = 0.86 + 0.028 (~14% of prestimulus
baseline) and post-SE = 0.80 + 0.034 (~20% of prestimulus baseline; P>0.20, Student’s t-test) (E) Late phase of spontaneous
release: Time course of renormalized spontaneous FM1-43 destaining after 10-25 minutes in High[K+Jo. Control decay = 0.85
+ 0.02 and post-SE decay = 0.81 + 0.02 (P>0.20, Student’s t-test, all points are mean + SEM).

Action potential-independent release of FM1-43 is not altered by pilocarpine induced

status epilepticus in rats
The above data suggests that changes in stimulus-evoked, but not necessarily spontaneous
release rate in the post-SE state. To measure presynaptic spontaneous release from the RRP, we
loaded FM1-43 by hypertonic shock (800 mOsm/20 s), followed by bath application of tetrodotoxin (TTX
1 uM), and extracellular [K*] raised to 15 mM [K*]o (High [K+]o) to facilitate action potential-independent
release (Axmacher et al., 2004). To mark the early phase of action potential-independent release, we
monitored magnitude of FM1-43 destaining within the first 4.5 minutes of High [K+]o application (Fig.
5D), which showed no significant difference between control (~15%) and post-SE (~20%) mossy fiber
boutons (P>0.20, Student’'s t-test). To determine whether steady-state spontaneous release was
altered, we examined the late phase of spontaneous release 10-25 minutes after application of High
[K+]o (Figure 5E). As in the early phase, there was no significant difference between the two groups
after 25 minutes of High [K+]o, indicating action potential dependent and independent vesicular release

from the RRP may be differentially regulated in the post-SE state.

Vesicle endocytosis becomes dynamin-independent after pilocarpine induced status epilepticus

Clathrin mediated endocytosis is the dominant mode of vesicle retrieval after synaptic vesicle
endocytosis. The adaptor protein AP2, initiates the clathrin coat formation and helps recruits clathrin
and the accessory protein amphiphysin to the site of endocytosis. Amphiphysin then recruits dynamin,
a guanosine triphosphatase that is required for mediating membrane scission via GTP hydrolysis
(Gundelfinger et al., 2003). It has been demonstrated that dynamin-1 (a neuron specific dynamin) is
required during intense neuronal activity (Ferguson et al., 2007). Interestingly, it was recently reported
that mice with a homozygous missense mutation in dynamin-1 exhibit lethal seizures, ataxia and
neurosensory deficits, while the heterozygous condition leads to the occurrence of spontaneous
recurrent seizures (Boumil et al., 2010). To determine if pilocarpine treated post-SE animals show
altered sensitivity to dynamin inhibition, we measured SpH responses from mossy fiber terminals from
control and post-SE slices that were incubated with dynasore (150-200uM), a highly specific, cell-
permeable inhibitor of dynamin GTPase capable of arresting clathrin-mediated endocytosis (Macia et
al., 2006; Newton et al., 2006; Chung et al., 2010), while not affecting vesicle exocytosis (Newton et al.,
2006). As shown in Figure 6 below, SpH fluorescence decay after cessation of stimulation was inhibited
by dynasore treatment in control slices, suggesting a block in vesicle endocytosis (Newton et al., 2006).
Interestingly there was a significant increase in the peak SpH fluorescence attained in the presence of
dynasore. This is likely due to an unmasking of endocytosis that occurs during the stimulation train
(Newton et al., 2006; Chung et al., 2010). However dynasore treatment of post-SE slices showed no
increase in the peak fluorescence during the stimulus train, although there was an inhibition in the
decay of SpH fluorescence after the end of the stimulation train.
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e T T T T Figure 6: Differential effect of dynamin inhibition on vesicular recycling
in control vs epileptic animals. Slices were pre-incubated with dynasore
150-200uM for 45minutes prior to and during image acquisition. Black filled
+ - circles represent control normalized SpH responses (with peak fluorescence
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The lack of this boost in vesicle exocytosis during the stimulation train in the epileptic tissue
could be because of an alteration in dynamin expression. To test this hypothesis, we immunoblotted
extracts from hippocampal lysates with antibodies that recognize, dynamin1,2,3 (pan dynamin) or the
individual isoforms of dynamin-1 or 2. As shown in figure 7A, a significant increase in pan dynamin
expression was seen 24 hour, 10 days, 1 month and 3 months post-SE when compared to age
matched control. There was however no difference detected in dynamin-1 or dynamin-2 expression
alone. Additionally there was increase (~19.5%) in expression of Ser774 phosphorylated dynamin 1-3
(p-Dynamin) in 3-4 months epileptic rats vs controls (Figure 7C-D, Student’s t-test, P<0.05). This could
affect the interaction of dynamin with binding partners such as syndapin | and could alter synaptic
vesicle endocytosis (Anggono et al., 2006).

>

Figure 7: Western immunoblot analysis for
Dynamin expression in hippocampal
lysates (A) from control rats and rats sacrificed
at 24 hour, 10 days, 30-60 days (1 month) and
3 months post-SE. Bars represent mean optical
density (OD) index normalized to control
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(B) Representative immunoblots for Dynamin
1, 2 and pan Dynamin. GAPDH was used as
loading control. (C) Increased (~19.5%) expression of Ser774 phosphorylated Dynamin 1-3 (p-Dynamin) in 3-4 months
epileptic rats vs controls (Student t-test, p <0.05). (D) Immunoblot of p-Dynamin.

Control 3M-Post-SE

Our results show that, in the first 1-2 months post-SE, morphological changes develop in the
mossy fiber bouton cytoarchitecture, and are correlated with both an increase in vesiclular release rate
of mossy fiber boutons and appearance of a high release rate sub-population. At late stages post-
seizure (11 months), a time when substantial postsynaptic neuronal damage has occurred in
hippocampal field CA3 (hippocampal sclerosis), transmitter release is markedly reduced, a potentially
compensatory mechanism which, nevertheless, does not seem to prevent continued spontaneous
seizures, and which will undoubtedly have important negative consequences for cognition and memory.
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In a recent manuscript published in the high profile journal Brain (Upreti et al., 2012; 5-
year Impact Factor 10.143, ranked 12" of 265 neuroscience journals; see appendix), we
described the epilepsy-associated long-term alterations in presynaptic morphology and
synaptic vesicle recycling we discovered at mossy fiber-CA3 terminals of mice and rats
subjected to pilocarpine-induced SE, a seizure model that produces a chronic epileptic state
associated with spontaneous generalized seizures in 100% of animals (Muller et al., 2009). We
found increases in 1) mossy fiber bouton (MFB) size, 2) number of release sites per MFB, 3)
number of RRP and RP vesicles, 4) active zone length, 5) action potential-driven vesicular
release rate measured with either FM1-43 or SpH-expressing transgenic mice, and 6) vesicle
endocytosis. These alterations persisted for 3 months following a single sustained SE, making
it likely they are important contributors to development and maintenance of the epileptic state.

YEAR 01 Garrido Lab
Task 2. Evaluate the effects of different concentrations of “classical” (e.g. carbamazepine and
topiramate), and “new generation” antiepileptic drugs (e.g. LEV) on patch-clamp electrophysiological
recordings from dentate granule cells that give rise to mossy fibers. This data will be used to assess the
effects of antiepileptic drugs on spontaneous miniature excitatory postsynaptic currents (mEPSC) in
control versus pilocarpine treated rats. (To be accomplished in the laboratory of Dr. Garrido-Sanabria)
* Subtask 2a. Develop chronic epileptic rats with a single injection of pilocarpine (Dr. Garrido and
Dr. Pacheco; months 1-12).
* Subtask 2b. Prepare hippocampal slices from control and epileptic rats (Dr. Garrido and Dr.
Pacheco; months 1-12).
* Subtask 2c. Perform patch-clamp recordings from granule cells to record spontaneous
mEPSCs (Dr. Garrido and Dr. Pacheco; months 1-12).
* Subtask 2d. Test whether antiepileptic drugs modify frequency and amplitude of mMEPSCs in
granule cells in control versus epileptic rats (Dr. Garrido and Dr. Pacheco; months 1-12).
* Subtask 2c. Statistical analysis of data (Dr. Garrido and Dr. Pacheco, months 9-12).

YEAR 02
Specific Aim 2: Assess whether antiepileptic drugs acting on presynaptic sites can reduce or prevent
seizure induced long-term potentiation of vesicular release from mossy fiber boutons in MTLE.

Working hypothesis: Epileptic rats exhibit enhanced pool size and release probability from the

rapidly-recycling vesicle pool, and SV2a down-regulation contributes to this enhanced release. Chronic
treatment with LEV or other presynaptic antiepileptic drugs during epileptogenesis is predicted to
protect presynaptic function and normal glutamate release, and perhaps reduce, or even prevent,
seizures (months 13-24).

YEAR 03
Specific Aim 3: Assess whether down-regulation of mGIuR2 and SV2a at mossy fiber terminals can be
reversed by chronic treatment with presynaptic antiepileptic drugs (months 25-36).

Working hypothesis: Reduced expression of SV2A and mGIuR2 results in deficient mGIluR2-

mediated suppression of presynaptic release and reduced anticonvulsant efficacy of LEV. To evaluate
the role of altered mGIuR2 and SV2a expression epilepsy, we will perform patch-clamp recordings from
granule cells in control and pilocarpine-treated epileptic rats and investigate the effects of LEV and
mMGIuR2 agonists and antagonists on the amplitude and frequency of spontaneous EPSCs. Functional
data will be correlated with changes in gene expression of mGIuR2 and SV2A in dissected CA3 and
dentate gyrus regions (months 24-36).
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KEY RESEARCH ACCOMPLISHMENTS:

* Established and optimized the pilocarpine model of chronic epilepsy in our laboratory for both
rats and synaptopHIluorin-expressing transgenic mice

* Comprehensive characterization of the baseline properties of presynaptic vesicular release from
control mossy fiber terminals in hippocampal slices from both rats and synaptopHIluorin-
expressing transgenic mice

* Discovery that pilocarpine epilepsy is associated, 1-2 months post-seizures, with marked
increases in the size of hippocampal mossy fiber terminals and the appearance of ectopic
boutons that synapse in a layer of field CA3 where they do not normally synapse.

* Discovery that the appearance of these larger boutons correlates with marked increases in
vesicular release from mossy fiber terminals and the appearance of a population of very high
release rate boutons in both rats and SpH-expressing mice 1-2 months post-seizure.

* Discovery that, in addition to exocytosis, endocytotic vesicle recycling is also persistently
enhanced 1-2 months following pilocarpine-induced seizures.

* Discovery that down-regulation of dynamin may be a key component in seizure-induced shifts in
endocytotic recycling pathways and properties.

* Publication in the high impact journal Brain of our study of pilocarpine-induced long-lasting
morphological and functional alterations in mossy fiber terminals in both rats and SpH-
expressing mice.

» Established the pilocarpine epilepsy model in SV2A knockout mice acquired from Dr. Garrido-
Sanabria at UTB.

* Commenced studies using 2-photon laser scanning microscopy to evaluate the effects of
levetiracetam, carbamezipine, lamotrigine and topiramate on presynaptic vesicular release in
control versus pilocarpine-seized epileptic rats and SpH mice.
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REPORTABLE OUTCOMES:
Manuscripts
1) Manuscript published in Brain (2012; see Appendix), Journal Impact Factor 10.143

Upreti C, Otero R, Partida C, Skinner F, Thakker R, Pacheco LF, Zhou ZY, Maglakelidze G, VeliSkova
J, Velisek L, Romanovicz D, Jones T, Stanton PK, Garrido-Sanabria ER (2012) Altered
neurotransmitter release, vesicle recycling and presynaptic structure in the pilocarpine model of
temporal lobe epilepsy. Brain 135 (Pt 3): 869-885.

Data from this grant was presented in 4 scientific meetings in 2011 (below) and new data will be
presented at the Society for Neuroscience meeting in 2012.

National Meetings

1) Data from electrophysiological and pharmacological experiments was submitted to the Society for
Neuroscience Meeting that will be held October 13 - 17, 2012, in New Orleans, LA. E. G. Sanabria, L.
F. Pacheco, L. M. Rambo, J. M. Rodriguez, C. Upreti, P. K. Stanton. Levetiracetam inhibits excitatory
drive onto dentate gyrus granule cells: Effects of SV2A gene dosage and pilocarpine-induced epilepsy.
(see Abstract in Appendix).

2) Upreti C, Skinner F, Otero R, Thakker R, Rosas G, Partida C, Pacheco LF, Jones TA, Romanovicz
D, Stanton PK and Garrido-Sanabria ER. Abnormal function and reorganization of presynaptic
nanocomponents in experimental epilepsy: A multiphoton laser scanning confocal imaging and
transmission electron microscopy study. 3® Meeting of the American Society for Nanomedicine,
Rockville, MD, Nov 9-11, 2011.

3) Upreti C, Stanton PK, Garrido-Sanabria ER. Abnormalities in presynaptic vesicle pools of mossy
fiber boutons in the pilocarpine model of mesial temporal lobe epilepsy. Poster. 779.10/Z13 Society for
Neuroscience Meeting, Washington, Nov 16, 2011.

4) Upreti C, Garrido-Sanabria ER, Stanton PK. Abnormal functional and ultrastructural changes of
synaptic vesicle pools at active zones in mossy fiber boutons in mesial temporal lobe epilepsy, (ID:
1149994), presented at the 65" America Epilepsy Society Annual Meeting, Baltimore, December 2-6,
2011.

5) Garrido-Sanabria ER, Otero R, Thakker R, Partida C, Skinner F, Jones T, Romanovicz D, Upreti C,
Stanton PK. Abnormal Ultrastructure of Large Mossy Fiber Boutons-CA3 pyramidal Cell Synapses in
Mesial Temporal Lobe Epilepsy. (ID: 1150094), presented at the 65" America Epilepsy Society Annual
Meeting, Baltimore, December, 2011.
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CONCLUSION

In year 01, we completed the majority of our studies in Aim 1 and a portion of Aim 2. We found
that severe pilocarpine-induced seizures that result in long-term appearance of spontaneous epileptic
seizures are associated with marked changes in the structure of hippocampal mossy fiber presynaptic
terminals and functional hyperexcitability of presynaptic vesicular transmitter release. Mossy fiber
terminals were greatly increased in size, as was the size of the transmitter release active zone and
readily-releasable vesicle pool, and there was even sprouting of new mossy fiber terminals into the
stratum oriens layer of field CA3 where such terminals do not normally synapse. Functionally, these
presynaptic glutamatergic terminals showed greatly enhanced rate of vesicular release from the rapidly-
recycling vesicle pool and accelerated endocytotic recycling of vesicles back into this vesicle pool. We
showed these functional changes in both rats and mice, using two different fluorescent indicators to
image, by 2-photon laser scanning microscopy, individual mossy fiber release sites in the hippocampal
CA3 field. We commenced studies which will be completed in year 02 to test the ability of four
antiepileptic drugs that act via differing mechanisms (levetiracetam, lamotrigine, carbamezipine and
topiramate), to control presynaptic vesicular release two months after pilocarpine-induced seizures,
when the brain has become spontaneously epileptic. We also discovered that the presynaptic vesicle
protein dynamin, which is an essential component of one vesicle recycling pathway, is markedly down-
regulated in expression and the dynamin pathway loses its ability to keep up with vesicular release in
the epileptic brain.

Recommended change: While we have now begun implementing the pilocarpine seizure
model in transgenic mice where the vesicle protein SV2A has been knocked out, we plan to determine
whether a loss of SV2A and dynamin interaction might be responsible for seizure-induced
enhancement in glutamate release, by examining the ability of the dynamin-inhibiting peptide dynasore
to alter recycling in SV2A knockout versus wild-type mice.

Significance: While all but one antiepileptic drug acts by modifying postsynaptic neuronal
excitability, our work indicates that extensive changes in presynaptic function are also associated with
epilepsy. Increases in glutamate release, while certainly able to contribute to hyperexcitation in
seizures, also have the potential to damage and even kill their postsynaptic target neurons. If we can
find agents that can control presynaptic release, and do so even after development of epilepsy when
release is enhanced, we would have a whole new class of treatments to help the 40% of epileptic
patients who do not respond to any current therapeutics. Understanding the mechanisms by which
seizures change presynaptic function is the essential first step towards this goal.
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Veliskova J, Velisek L, Romanovicz D, Jones T, Stanton PK, and Garrido-Sanabria ER (2012) Altered
neurotransmitter release, vesicle recycling and presynaptic structure in the pilocarpine model of
temporal lobe epilepsy. Brain 135, 869-885 (2012).

2) Sanabria EG, Pacheco LF, Rambo LM, Rodriguez JM, Upreti C and Stanton PK (2012)
Levetiracetam inhibits excitatory drive onto dentate gyrus granule cells: Effects of SV2A gene dosage
and pilocarpine-induced epilepsy. Society for Neuroscience 42" Annual Meeting, in press.
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In searching for persistent seizure-induced alterations in brain function that might be causally related to epilepsy, presynaptic
transmitter release has relatively been neglected. To measure directly the long-term effects of pilocarpine-induced status
epilepticus on vesicular release and recycling in hippocampal mossy fibre presynaptic boutons, we used (i) two-photon imaging
of FM1-43 vesicular release in rat hippocampal slices; and (ii) transgenic mice expressing the genetically encoded pH-sensitive
fluorescent reporter synaptopHluorin preferentially at glutamatergic synapses. In this study we found that, 1-2 months after
pilocarpine-induced status epilepticus, there were significant increases in mossy fibre bouton size, faster rates of action
potential-driven vesicular release and endocytosis. We also analysed the ultrastructure of rat mossy fibre boutons using trans-
mission electron microscopy. Pilocarpine-induced status epilepticus led to a significant increase in the number of release sites,
active zone length, postsynaptic density area and number of vesicles in the readily releasable and recycling pools, all correlated
with increased release probability. Our data show that presynaptic release machinery is persistently altered in structure and
function by status epilepticus, which could contribute to the development of the chronic epileptic state and may represent a
potential new target for antiepileptic therapies.
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Introduction

Hippocampal mossy fibres exhibit complex structural rearrange-
ments and abnormal synaptic function in mesial temporal lobe
epilepsy (McNamara, 1994; Frotscher et al., 2006; Dudek and
Sutula, 2007; Danzer et al., 2010). During epileptogenesis,
axons of dentate gyrus granule cells sprout and establish abnormal
excitatory synapses onto multiple targets, including granule cells,
interneurons and CA3 pyramidal neurons (McNamara, 1994;
Wenzel et al., 2000; Frotscher et al., 2006; Dudek and Sutula,
2007). While studies have shown alterations in postsynaptic func-
tion of excitatory and inhibitory circuits in mesial temporal lobe
epilepsy (Coulter, 2000; Gorter et al., 2002), far less attention has
been paid to presynaptic dysfunction in the pathogenesis of
epilepsy.

Large mossy fibre boutons (MFBs) have multiple release sites
with substantial numbers of small and large clear synaptic vesicles
containing glutamate (Chicurel and Harris, 1992; Rollenhagen
et al., 2007). Large synaptic vesicles are thought to mediate the
monoquantal nature of ‘giant’ miniature excitatory postsynaptic
currents onto CA3 pyramidal cells, allowing action potential inva-
sion of presynaptic MFBs to trigger neurotransmitter release in
amounts that reliably excite CA3 pyramidal neurons. During
status epilepticus, excessive glutamate release from MFBs can be
highly deleterious to survival of CA3 neurons and is thought to be
responsible for the massive and sustained neuronal damage in the
CA3 region (Zhang et al., 2009).

Surprisingly little is known about the long-term effects of
status epilepticus on vesicular release of transmitter from MFBs.
Goussakov et al. (2000) found that, several weeks after kainic
epilepticus, mossy fibre, but not
associational-commissural, synapses exhibit impaired induction of
long-term potentiation, markedly reduced paired-pulse facilitation
and augmentation of burst induced mossy fibre-CA3 excitatory
field potential (Goussakov et al.,, 2000). These changes in
activity-dependent plasticity were also associated with a signifi-
cant increase in the size of the readily releasable pool (RRP) of
vesicles, suggesting a persistent increase in release probability
at mossy fibre-CA3 synapses (Goussakov et al., 2000).
Ultrastructural features and targets of abnormally sprouted
MFBs in the inner molecular layer have been studied by elec-
tron microscopy in models of mesial temporal lobe epilepsy
(Cavazos et al., 2003; Frotscher et al., 2006); indeed, redistribu-
tion of synaptic vesicles to a 'strategic position’ in the vicinity of
the synaptic cleft has been described after kindled seizures
(Hovorka et al., 1989), but these studies did not characterize
the arrangement of active zones and morphological features of
vesicle pools.

We used the cholinergic agonist pilocarpine to induce prolonged
status epilepticus as a model of mesial temporal lobe epilepsy
(Turski et al., 1984; Curia et al., 2008), to test the hypothesis
that status epilepticus can result in long-term enhancement of
vesicular release from MFBs. Assessing presynaptic release proper-
ties by patch-clamp electrophysiology in long-term epileptic ani-
mals is hampered by the CA3 pyramidal neurons being susceptible
to cell death due to excitotoxicity, thus are not optimal to record
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from as biosensors of transmitter release. Here we utilized two
different methods to directly image presynaptic vesicular release
by using two-photon laser scanning microscopy of (i) the
styryl dye FM1-43 (Pyle et al., 1999), which selectively labels
transmitter vesicles for direct visualization of destaining kinetics,
in slices from control versus post-status epilepticus rats; and
(i) imaging exocytosis—endocytosis kinetics from individual MFBs
in acute hippocampal slices from transgenic mice that selectively
express the pH-sensitive vesicle fusion protein synaptopHluorin
(SpH) (Li et al., 2005). We also used transmission electron micros-
copy of rat hippocampus to investigate whether the post-status
epilepticus period is associated with ultrastructural modifications
at active zones of MFBs in the stratum lucidum correlated with
functional changes in vesicular release (Dobrunz and Stevens,
1997; Murthy et al., 1997; Schikorski and Stevens, 1997; Matz
et al., 2010).

By each of these measures, we found a persistent enhance-
ment of vesicular release, vesicle endocytosis and ultrastruc-
ture reorganization of active zones in MFBs after status
epilepticus. These changes are likely to add to observed changes
in intrinsic excitability of granule cells and circuit plasticity to in-
crease the excitatory drive from granule cells onto CA3 pyramidal
neurons in MTLE.

Materials and methods

Experiments were performed in accordance with the National Institutes
of Health Guidelines for the Care and Use of Laboratory Animals as
approved by New York Medical College and University of Texas
Brownsville Institutional Animal Care and Use Committees.

Pilocarpine-induced status epilepticus

Status epilepticus was induced by a single pilocarpine intraperitoneal
injection (350mg/kg in saline) to 30- to 35-day-old Sprague-
Dawley rats (Taconic) or SpH21 mice (C57BL/6J background, kind
gift from Dr Venkatesh Murthy, Harvard University) following stand-
ard procedures (Cavalheiro, 1995; Pacheco et al., 2008). Animals
received methylscopolamine nitrate (0.1 mg/kg in saline, subcutane-
ous) 30min before pilocarpine to minimize peripheral effects of cho-
linergic stimulation (Turski et al., 1984). Rats seized for 3 h, mice 1h
(Muller et al., 2009), and motor seizures were terminated with one
diazepam injection (10mg/kg in saline, intraperitoneal). Only animals
experiencing continuous status epilepticus during these periods were
studied. Controls animals received methylscopolamine and saline
instead of pilocarpine.

Hippocampal slice preparation and
electrophysiological recordings

Rats and mice 1-2 months post-status epilepticus and age-matched
controls were decapitated under deep isoflurane anaesthesia, their
brains quickly removed, hemisected in ice-cold sucrose-based cutting
solution (Bischofberger et al., 2006) inmM: 87 NaCl, 25 NaHCOs,
25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH,PO,, 0.5 CaCl, and 7
MgCl, (equilibrated with 95% O,/5% CO,), and 350-400 pm thick
horizontal hippocampal slices cut with a vibratome (DSK model
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DTK-1000). Slices were submerged in cutting solution at 32°C for
30min, then transferred to a holding chamber in room temperature
artificial CSF (in mM: 126NaCl, 3KCl, 1.25NaH,PO,, 1.3 Mgdl,
2.5CaCl,, 26 NaHCO3, 10 glucose) saturated with 95%0,/5%CO,.
Evoked field excitatory postsynaptic potentials were recorded in the
proximal dendritic field in stratum lucidum for at least 15 min before
starting an experiment.

Two-photon laser scanning
microscopy

Fluorescence was visualized with a customized two-photon
laser-scanning Olympus BX61WI microscope with a x60/0.90 NA
water immersion infrared objective lens and an Olympus multispectral
confocal laser scan unit. The light source was a Mai-Tai™ laser
(Solid-State Laser Co.), tuned to 825nm for exciting Alexa Fluor
594, and 890nm for exciting SpH and FM1-43. Epifluorescence was
detected with photomultiplier tubes of the confocal laser scan head
with pinhole maximally open and emission spectral window optimized
for signal over background. A 565-nm dichroic mirror (Chroma
Technology) separated green and red fluorescence to eliminate trans-
mitted or reflected excitation light. Depending on the fluorophore,
HQ525/50 (SpH) or HQ605/50 (FM1-43 or Alexa Fluor 594) filters
were placed in the ‘green’ pathways. Images were acquired with
Fluoview FV300 software (Olympus America). Although there were
no signs of photodamage, we used the lowest intensity needed for
adequate signal-to-noise ratios. Pixel images (512 x 512) were
acquired, 0.15pm/pixel in x—y axes and, in some cases, 8-10um
steps of 0.5-1pm in the z-axis. For imaging MFBs, glass microelec-
trodes with broken tips (R <1 M) were dipped in 1% Alexa Fluor
594 10-kDa dextran (Invitrogen) in distilled water until the tip filled by
capillarity action, desiccated for 2-3 days until dye formed a crystal
particle at the tip. During the experiment, dye coated tips (with sealed
backends) were inserted ~50-100 pum into the dentate gyrus granule
cell layer for 15-20min, then slices were transferred to a holding
chamber in artificial CSF at 32°C for 30 min, followed by room tem-
perature for 1-1.5h, before imaging. Using NIH ImageJ, greyscale
images of Alexa Fluor 594 filled MFBs flanked by at least one
axonal process were processed by automated Otsu thresholding to
eliminate investigator bias (Lee et al., 2011), and cross-sectional area
of binary images measured. A total of 8-10 images were acquired in a
z-axis stack in 0.2-0.5 um steps for 3D reconstruction (Supplementary
Video 3). For SpH fluorescence experiments, slices were perfused with
25puM  6-cyano-7-nitroquinoxaline-2,3-dione  (CNQX; Tocris) and
50 M D-(-)-2-Amino-5-phosphonopentanoic acid (D-AP5; Tocris).
A 600 stimulus 20-Hz train in the stratum lucidum evoked SpH
fluorescence increases (imaged within 100pm from stimulating
electrode) in the proximal region (the first 100 um) of CA3 apical
dendrites and images were acquired every 30s. While extracellular
brain pH changes during seizures, first to alkaline and later to acidic
(Xiong and Stringer, 2000), we use SpH as a pH-sensitive indicator of
vesicular release in brain slices bathed in artificial CSF (containing
25pM CNQX and 50uM D-AP5 to prevent synaptically driven
action potentials and epileptiform activity) in our recording chamber
with pH maintained at or ~7.4. To calculate half-time of post-stimulus
decay of SpH peak fluorescence intensity, (¢;,,) was calculated for
each punctum by single exponential fits to destaining curves using
the equation: yo + A1e\=*%), with t,the decay constant. Data were
analysed with OriginPro and presented with KaleidaGraph (Synergy
software).
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FM1-43 loading and destaining of the
readily releasable vesicle pool

FM1-43 was loaded into the RRP as previously described (Stanton
et al., 2003, 2005). After recording a 15 min stable baseline field
excitatory postsynaptic potential (~50% of maximum amplitude),
25uM CNQX and 50 uM D-AP5 were bath applied to prevent synap-
tically driven action potentials and epileptiform activity from accelerat-
ing dye release or inducing synaptic plasticity. Presynaptic boutons
were loaded by 5-min bath applied 5 M FM1-43 in normal artificial
CSF, followed by hypertonic artificial CSF (800 mOsm) for 30's to load
the RRP, returned to normal artificial CSF with 5 um FM1-43 for 1 min,
then washed out with dye-free artificial CSF (Supplementary Fig. 2).
Stimulus-induced destaining was evoked by a 50 stimulus 20-Hz train
each 30s, and measured after 30min in dye-free artificial CSF
plus 100uM ADVASEP-7 to scavenge and remove extracellular
FM1-43. To measure spontaneous release, after FM1-43 loading,
slices were continuously bathed in 1uM tetrodotoxin, 25um
CNQX and 50uM D-AP5 and extracellular [K*] raised to 15 mM
[K*lo (High[K+]o) to facilitate action potential-independent release
(Axmacher et al., 2004). For some slices, 8-10 images were acquired
in 0.5-1um in the z-axis at each time point, maximal intensity z-axis
projections were made for this subset of the final stack. Circular re-
gions of interest were selected around centres of bright, punctate
fluorescence spots at least 2um in diameter within 100 um of the
CA3 pyramidal cell body layer. Activity-dependent destaining time
courses were generated by correcting for bleaching, subtracting back-
ground fluorescence and normalizing each region of interest to
pre-stimulus intensity as previously reported (Stanton et al., 2003,
2005; Tyler et al., 2006). Vertical bars show SEMs for all normalized
and corrected boutons.

Tissue preparation for
immunohistochemistry

Age-matched controland epileptic SpH mice (<6 months post-status
epilepticus) were anaesthetized with 100 mg/kg ketamine, the brain
removed and immersed for 48 h in4% formaldehyde in 0.1 M sodium
phosphate buffer (pH 7.4) plus 0.9% NaCl (phosphate-buffered
saline). After a phosphate-buffered saline wash, brains were cryopro-
tected in 30% sucrose in phosphate-buffered saline for ~48h at 4°C,
frozen in Optimum Cutting Temperature Compound (EMS Co.) at
—20°C, and 40pm thick coronal sections sliced with a cryostat
(HM500 Microm, Zeiss) and stored in 150 mM Tris plus 150 mM
NaCl (Tris-buffered saline; pH 7.4) and 0.1% NaNs. Several sections
were Nissl-stained to assess seizure-mediated neuronal loss and cyto-
architectonic boundaries. Free-floating sections from controls and
post-status epilepticus were processed simultaneously for VGIuT1
and NeuN immunofluorescence as described (Pacheco et al., 2008).
The extent of cell loss in the CA3 subfield was assessed at x400
magnification by using grid morphometric techniques (Gorter et al.,
2003). A 240 x 240um box was placed over the region of interest
(CA3 area) and NeuN-labelled cells in the pyramidal layer, presumed
neurons, were counted by an observer masked to experimental group/
condition. Counts of three sections per animal were averaged. Final
neuron counts were calculated as the density of neurons per 0.1 mm?.
It should be noted that this technique provides a relative estimate and
not absolute calculation of the number of neurons in a region.
Statistical differences in the number of neurons per square millimetre
between control and pilocarpine-treated epileptic groups were
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determined by Student's t-test with significance set at P < 0.05.
The cross-sectional diameter of SpH-positive VGluT1-labelled puncta
in the granule cell layer and supragranular region was measured in
three confocal images of dentate gyrus per animal per group using
the measuring tool of Fluoview (Olympus).

Fixation and embedding for
transmission electron microscopy

Tissue was prepared for transmission electron microscopy using stand-
ard methods (Miranda et al., 2011). Seven post-status epilepticus and
six age-matched Sprague-Dawley rats were anaesthetized with keta-
mine (50 mg/kg, intraperitoneal injection), transcardially perfused with
saline followed by fixative (2% paraformaldehyde, 2% glutaraldehyde,
0.002% CaCl, in 0.1 M cacodylate and Hank's buffered salt solution;
pH 7.3-7.4), and their brains were removed, sliced in 5-mm thick
slabs, and post-fixed in fresh fixative overnight at room temperature.
Serial 250 -um thick sections were cut with a vibratome in Hank's
buffered salt solution (1000 Plus, Vibratome Co.), and the hippocam-
pus and surrounding cortex dissected away. Samples were osmicated
in 2% buffered osmium tetroxide, a 50:50 mixture of 4% osmium
tetroxide and 4% potassium ferrocyanide in 0.2 M cacodylate buffer
(EMS Co.), then contrasted in 1% aqueous uranyl acetate. Tissue was
flat-embedded in 50:50 Spurr/Epon (EMS Co.) and polymerized at
60°C for 24h before resin blocks were pseudo-randomly selected
and trimmed to ~1mm? trapezoids containing the CA3 pyramidal
cell layer and stratum lucidum. To identify field CA3, 1-2 um sections
were stained with 0.1% cresyl violet acetate solution and viewed on a
transmitted light scope. Ultrathin sections (55 +5nm) were cut
through stratum lucidum of CA3 with a Leica Ultracut ultramicrotome
and collected on Formvar-coated copper slotted grids.

Transmission electron microscopy
inspection and identification of
mossy fibre boutons

Images 26000 x (FEI Tecnai) were used to identify regions of interest
in field CA3 containing cross-sectioned or parallel bundles of axons
and large MFBs (1-5pum diameter) with numerous synaptic vesicles.
For blind analysis of morphometry, coded images were imported into
NIH Image)J. Active zones were distinguished by the following criteria:
(i) synaptic vesicles in close proximity to a presynaptic density;
(i) asymmetry between pre- and postsynaptic densities; and
(i) widening of the synaptic cleft (Rollenhagen et al., 2007).
Asymmetric (excitatory) non-perforated synapses with well-defined
presynaptic compartments, clear synaptic clefts and postsynaptic dens-
ity were analysed. Perforated synapses refer to a presumably more
efficacious synapse subtype found in the CNS characterized by a dis-
continuous postsynaptic density (Calverley and Jones, 1987; Itarat and
Jones, 1992; Adkins et al., 2008). The number of perforated and
non-perforated synapses was compared between groups

Active zone length was measured by a continuous line following the
contour of presynaptic membrane on the synaptic cleft. Synaptic cleft
width was averaged from three measures of distance between pre-
and postsynaptic membranes (centre and ~20nm from cleft ends).
Postsynaptic density area was measured as the contour around
electron-dense aggregates and postsynaptic membrane. The active
zone length and quantification of synaptic vesicles was performed in
single ultrathin sections using a modified 2D cross-sectional method as
described previously (Miranda et al., 2011) using NIH ImagelJ.
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The RRP was defined as the number of synaptic vesicles <60nm
from the presynaptic membrane, and the releasable pool of vesicles
60-200nm from the presynaptic membrane (Rollenhagen et al.,
2007). Docked synaptic vesicles consisted of vesicles immediately ad-
jacent to or fused to the active zone presynaptic membrane. Perimeter
and mean area of synaptic vesicles were also measured, and number
of active zones exhibiting ultrastructural signs of bulk endocytosis in-
dicative of intense synaptic activity (Meunier et al., 2010).

Differences in vesicle pool size were assessed by non-parametric
Kolmogorov-Smirnov two-sample test (MiniAnalysis, Synaptosoft),
and differences in means of normally distributed measurements were
evaluated using two-tailed Student's t-test. Significance level was
preset to P < 0.05. Correlation analysis between parameters was
performed with non-parametric Spearman analysis, since most param-
eters were not normally distributed. Correlations were classified
as weak [Spearman rho (r) value < 0.40], moderate (0.4 <r < 0.7)
and strong (r > 0.7).

Results

Two-photon laser scanning microscopy
imaging of large mossy fibre boutons
of synaptopHIuorin-expressing
transgenic mice in acute

hippocampal slices

SpH is a fusion protein that consists of a pH-sensitive pHIluorin
fused to the C-terminus luminal domain of the vesicle SNARE
protein synaptobrevin (Miesenbock et al., 1998). Under resting
conditions, the luminal pH of the synaptic vesicle is acidic
(pH ~5.5), resulting in proton dependent quenching of SpH fluor-
escence. When vesicle exocytosis is triggered and glutamate
released, the lumen of the vesicle is exposed to the more alkaline
pH of the extracellular space (pH ~7.2), resulting in a 20-fold
increase in SpH fluorescence. When the vesicle membrane is
retrieved by endocytosis and the vesicle reformed, it undergoes
rapid reacidification by the vesicular ATPase, which returns SpH to
its quenched state. The SpH21 transgenic mice line we used in this
study expresses SpH preferentially at glutamatergic synapses
(Li et al., 2005; Burrone et al., 2006; Bayazitov et al., 2007).
A representative two-photon laser scanning image of the CA3
region of an acute hippocampal slice from this mouse (Fig. 1A)
contains bright GFP-positive boutons >2 um in diameter, proximal
to CA3 pyramidal cell bodies in the region innervated by mossy
fibre axons of dentate granule cells (Blackstad et al., 1970;
Claiborne et al., 1986). Associational-commissural CA3 synapses
were significantly smaller (<1 pm in diameter) and more distal to
our region of interest (rectangular box, Fig. 1A).

To independently confirm that large SpH expressing boutons
were mossy fibre terminals, we used anterograde, bulk labelling
of mossy fibres with Alexa Fluor 594 dextran introduced into the
granule cell layer of the dentate gyrus (Fig. 1B). During a 1.5- to
2-h incubation, Alexa Fluor 594 dextran was taken up by granule
cells and transported anterogradely to label mossy fibre axons and
presynaptic boutons (Fig. 1C, Supplementary Fig. 1A and
Supplementary Video 3). Figure 1E and F illustrate that some
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Figure 1 Visualizing MFBs in acute hippocampal slices from SpH21 transgenic mice. (A) Live cell two-photon laser scanning image of field
CA3 of SpH-expressing glutamatergic terminals in a control hippocampal slice (post natal 60 days of age). The arrows depict represen-
tative fluorescence puncta (~4-5 pm in diameter) in the proximal (stratum lucidum, Str. Luc.) region of CA3 pyramidal cells (seen here as a
ghost layer) that are likely to be giant MFBs. Distal puncta shown within the rectangular box are notably smaller in size and likely represent
associational-commissural synapses in stratum radiatum. (B) Schematic representing hippocampal circuitry with the circle in the mossy
fibre pathway (MFP) depicting the area of imaging Lightning symbol depicts the area of local stimulation and the pipette in the dentate
granule cell layer (DG) showing the area of Alexa Fluor 594 dextra containing pipette insertion. Squares and pentagons depict CA3 and
CA1 pyramidal cell layers, respectively. (C) Alexa Fluor 594 dextran filled mossy fibre axons and giant MFBs (arrows) showing charac-
teristic en-passant arrangement along the axonal projections, visualized using 825 nm excitation. (D) Same region as (C) but visualized
with 890-nm excitation to see SpH native fluorescence. CA3 pyramidal cell bodies can be seen as ghost cells in stratum pyramidal, and
bright giant MFBs in stratum lucidum. (E-F) Merged images of (C) and (D) showing co-localization (F: arrows) between SpH and Alexa
Fluor 594 dextran-labelled puncta. (F) Digital zoom of image from the inset box in (E). Note not all SpH-positive puncta co-localize with
Alexa Fluor 594 puncta (broken arrows). PP = perforant path; SC = Schaffer collaterals; Str. Ori. = stratum oriens; Str. Pyr. = stratum
pyramidale. Scale bars: A = 20 pum; C-E =20 um; and F = 4 um.

(solid arrows) but not all (broken arrows) SpH and Alexa Fluor Incomplete co-localization is likely because Alexa Fluor 594
594-positive boutons were co-labelled confirming that the large labelled a subset of mossy fibre axons in stratum lucidum, along
(>2pm in diameter) SpH fluorescent puncta within the proximal with sparse SpH expression in the excitatory terminals (Li et al.,

60um of the CA3 cell body are excitatory MFBs (Fig. 1D). 2005; Burrone et al., 2006).
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Pilocarpine-induced status epilepticus
causes disorganization of dentate gyrus
and CA3 cytoarchitecture in
synaptopHluorin-expressing

transgenic mice

In the hippocampal CA3 region of both control and post-status
epilepticus mice (Fig. 2A), immunostaining for the presynaptic glu-
tamate transporter VGIuT1 was intense in the mossy fibre projection
area in stratum lucidum, where it co-localized with native SpH fluor-
escence, consistent with the glutamatergic nature of presynaptic
terminals expressing SpH in SpH21 mice (Li et al., 2005; Burrone
et al., 2006). There was also ~51% reduction in CA3 stratum pyr-
amidale of post-status epilepticus mice in the density of neurons
(117.9 £ 35.4 cells/0.1 mm?, n = 6) that stained positively for the
neuronal marker NeuN, compared with age-matched controls
(234.4 £55.2 cells/0.1mm?, n=6, Student's t-test, P < 0.01,
Fig. 2A), consistent with seizure-induced loss of CA3 pyramidal
neurons following pilocarpine-induced status epilepticus reported
previously (Mello et al., 1993; Schauwecker, 2012).

In the dentate gyrus, we detected robust SpH fluorescence in
the inner molecular layer and hilus of both control and post-status
epilepticus mice (Fig. 2B), closely co-localized with VGIuT1 im-
munofluorescence (Fig. 2B). VGIuT1 puncta positive for SpH fluor-
escence in the inner molecular layer exhibited 39.5% larger
cross-sectional diameters (Fig. 2B, 1.84 &+ 0.54um, Student's
t-test, P < 0.001) and 47.5% higher normalized mean fluores-
cence intensity (Fig. 2B, post-status epilepticus: VGIuT1) relative
to background-subtracted baseline intensity [204.8 +35.5
arbitrary units (a.u), n=29, Student's t-test, P < 0.0001] in
pilocarpine-treated post-status epilepticus mice compared with
controls (Fig. 2B, control: VGIuT1 138.8 +32.2 a.u and mean
diameter of puncta: 1.31 £ 0.37pum, n=29). Interestingly, SpH
puncta in granule cell somata in the control dentate gyri
exhibited little immunostaining for VGIuT1, whereas the granule
cell layers of post-status epilepticus hippocampi showed strong
co-immunolabelling for VGIuT1 (Fig. 2B), suggesting either a pos-
sible upregulation of VGIuT1 expression in existing terminals or
neo-synaptogenesis manifested by the appearance of ectopic
glutamatergic (VGIuT1 positive) terminals in both inner molecular
and granule cell layers during epileptogenesis, as previously re-
ported in animal models of MTLE (Mello et al., 1993; Esclapez
et al., 1999; Epsztein et al., 2005; Pacheco et al., 2006; Boulland
et al., 2007).

Pilocarpine-induced status epilepticus
persistently increases size and vesicular
release rate of mossy fibre boutons in
synaptopHIuorin-expressing mice

Live cell imaging of MFBs in acute hippocampal slices was done by
bulk loading a group of granule cells and their axons with Alexa
Fluor 594-dextran. Dye-filled excrescences (Fig. 1B) were classified

as the main body of giant MFBs if they had at least a 4 pm?
cross-sectional area (Claiborne et al., 1986; Acsady et al., 1998,;
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Danzer et al., 2010). The mean area of MFBs 1-2 months after
pilocarpine induced-status epilepticus was significantly enhanced
(~21.09%, Fig. 3C, P=0.008, Mann-Whitney U-test, n=7)
compared with aged matched controls (n =7). A frequency distri-
bution histogram of individual MFBs from epileptic animals re-
vealed a significant rightward shift in the curves (Fig. 3B;
P < 0.05, Kolmogorov-Smirnov test), consistent with increased
MFB volumes.

To determine whether post-status epilepticus leads to functional
differences in transmitter release from excitatory MFBs, we utilized
two-photon live cell imaging in slices from SpH21 mice. To trigger
vesicular release from MFBs in CA3 stratum lucidum (Fig. 1B-F),
granule cell axons in slices from control and post-status epilepticus
animals were stimulated with a single, continuous train of 600
stimuli at 20Hz (Fig. 1B and Supplementary Video 4A and B,
respectively), a paradigm that recruits both the RRP and rapidly
recycling vesicle pools (Li et al., 2005). Representative time-lapse
images (Fig. 4A) of control and post-status epilepticus SpH-
expressing MFBs showed robust, cumulative increases in SpH
fluorescence intensity during the stimulus train, followed by
return of fluorescence to baseline levels ~40s after stimulus ter-
mination. Figure 4C plots the normalized mean SpH fluorescence
responses in control versus post-status epilepticus animals, which
showed significantly larger stimulus-evoked rises in SpH fluores-
cence (2.02 £+ 0.15, red circles, n =8, P < 0.05, Student's t-test)
compared with controls (1.47 + 0.03, black circles, n =10).

This result could be due to either a general increase in release
probability of existing MFBs or appearance of a distinct
sub-population of terminals with higher release probabilities. To
resolve this distinction, we plotted a distribution histogram
(Fig. 4D) of the normalized peak SpH fluorescence values, which
is a function of the total number of vesicles released during the
stimulus train. Control and post-status epilepticus distributions of
peak SpH fluorescence for all individual MFBs indicate the appear-
ance of a new sub-population of ~3-fold higher release rate MFBs
in the post-status epilepticus animals. The cumulative probability
distribution (Fig. 4D inset) showed a significant increase in peak
SpH fluorescence attained for the post-status epilepticus MFBs
compared with controls (P < 0.001, Kolmogorov-Smirnov test).

Taken together, these results suggest that, in the first 1-2
months post-status epilepticus, morphological changes develop in
the MFB cytoarchitecture, correlated with both an increase in
vesiclular release rate of MFBs and appearance of a high release
rate sub-population of terminals.

Pilocarpine-induced status epilepticus
persistently enhances vesicular
endocytosis in mossy fibre boutons
of synaptopHIuorin-expressing mice

To determine whether there are changes in rate of vesicle endo-
cytosis in MFBs, we used the decay kinetics of SpH fluorescence
after the end of the stimulus train. Since vesicle endocytosis is
the rate-limiting step for decay in vesicle fluorescence
(Sankaranarayanan and Ryan, 2000), determining the decay con-
stant () of this fluorescence gives an estimate of the rate of
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Figure 2 Confocal images of SpH, VGIuT1 and NeuN expression in CA3 (A) and dentate granule cell (B) layers of control and post-status
epilepticus (SE) SpH transgenic mice. (A) Native SpH fluorescence image (green), VGIuT1 immunofluorescence image (red) and NeuN
immunofluorescence image (purple) in control and post-status epilepticus mice showing co-localization of SpH with VgluT1 labelling in
MFBs. A dramatic loss of cells was noticed in CA3 stratum pyramidale by NeuN staining (SpH + VGIuT1 + NeuN, column 3) and SpH and
VGluT1-positive terminals appear disorganized in stratum lucidum of post-status epilepticus compared with controls (SpH + VGIuT1 +
NeuN, column 4). Punctate SpH signals were also scattered through the pyramidal cell layer (s.p) surrounding cell somata that were
stained with NeuN antibody. The column on the right (column 4) shows fluorescence intensity profile and co-localization along line scans
(1: control and 2: post-status epilepticus) through single MFBs indicated in the respective x 2 magnification images (scale bar = 25 um) of
the rectangular boxes seen in column 3 (scale bar = 50 um). Scale bar for line scans = 2 um. (B) In the dentate granule cell layer of control
and post-status epilepticus, (NeuN labelling), SpH fluorescence (green) and VGIuT1 immunofluorescence (red) were intense in the hilus
(asterisk) and in the inner molecular layer (arrow head). In the control (B, top row) SpH-positive puncta around putative granule cell
somata were devoid of VGIuT1 expression (line plots: lines 1 and 2), while SpH and VGIuT1 signals co-localized in the inner molecular layer
(line plots: lines 3 and 4), as shown by respective line scans of fluorescence intensity through puncta in the granule cell layer (1 and 2)
versus the inner molecular layer (3 and 4). In post-status epilepticus (B, bottom row) SpH and VGIuT1 co-localize in both the dentate
granule cell layer (SpH + VGIuT1) and inner molecular layer. NeuN immunofluorescence illustrates a lack of marked granule cell loss in
post-status epilepticus dentate gyrus (SpH + VGIuT1 + NeuN). Stratum oriens scale bar = 2 pm.

vesicle endocytosis. We first normalized the mean peak

7

(black circles, P < 0.05, Student's t-test), indicating an enhanced

stimulus-evoked SpH fluorescence increases to 1.0 for control
and post-status epilepticus slices, to compare directly the time
courses of decay. As shown in Fig. 4E, the mean rate of decay
of SpH fluorescence from peak to baseline for epileptic slices was
significantly faster (red circles) compared with control slices

speed of endocytosis. We also fit single exponential decay func-
tions to curves for individual MFBs to determine the decay time
constants in post-status epilepticus vs. control MFBs. As shown in
the Fig. 4E inset, chronic post-status epilepticus led to a significant
decrease in decay time constants [red bar, T =7.23 £+ 0.32's versus
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Figure 3 Pilocarpine-induced status epilepticus (SE) leads to persistent increases in dentate gyrus giant MFB area. (A) Live cell two-photon
images of Alexa Fluor 594 dextran-loaded giant mossy fibre terminals from field CA3 of acute hippocampal slices from control and
post-status epilepticus mice. The arrow shows a filopodia-like projection arising from the giant MFB. (B) Frequency distribution histogram
of individual MFB areas from control (black columns, total of 336 boutons, n = 7) vs. 1-2 months post-SE mice (red columns, 394 boutons,
n =7). (C) Mean MFB area for control (black column, 9.05 & 0.52 um?) and epileptic (red column, 11.47 + 0.48 um?) mice. Data plotted
as mean £+ SEM, *P < 0.05, Mann-Whitney U-test. Scale bar A =5 pm.

control slices (black bar), t=10.4 4+ 0.77s, P < 0.05; Student's
t-test] also consistent with acceleration in the rate of vesicle
retrieval.

FM1-43 measurement of changes in
vesicular release from the rat mossy
fibre bouton readily releasable pool
at early and late time points
post-status epilepticus

As a second, independent measure of vesicular release, we esti-
mated the time course of neurotransmitter release in slices from
post-status epilepticus Sprague-Dawley rats using two-photon
imaging of stimulus-evoked release of the styryl dye FM1-43 as
described previously (Stanton et al., 2003, 2005; Zakharenko et al.,
2003; Winterer et al., 2006; Bailey et al., 2008). We loaded
FM1-43 selectively into vesicles of the RRP with a 30-s hypertonic
shock (Supplementary Fig. 2) and similar to SpH fluorescence, we
visualized bright puncta in the proximal region of field CA3 > 2 um
in diameter (Fig. 5A), presumed MFBs (Galimberti et al., 2006).
More distal puncta that took up FM1-43 were much smaller in
size, consistent with associational-commissural synaptic terminals.
Dye release was triggered by repetitive bursts of 50 mossy fibre

stimuli at a frequency of 20Hz, spaced 30s apart (Fig. 5B and
Supplementary Fig. 2), to allow binding and clearance by the
scavenger ADVASEP-7 (100 um) (Zakharenko et al., 2003) and
minimize potential movement artefacts.

Figure 5C shows that mean time courses of RRP loaded
stimulus-evoked FM1-43 destaining from MFBs in slices up to 2
months post-status epilepticus was associated with a significantly
enhanced release of FM1-43 (~64% from pre-stimulus baseline),
when compared with age matched controls (~51% from
pre-stimulus baseline, P < 0.05, Student's t-test). Interestingly,
11 months post-status epilepticus rats showed a substantial slow-
ing in MFBs release rate in the epileptic group (~21% from
pre-stimulus baseline) versus aged matched controls (~37% of
baseline, P < 0.05, Student's ¢-test).

Action potential-independent release of
FM1-43 from the mossy fibre bouton
readily releasable pool is not persis-
tently altered by pilocarpine-induced
status epilepticus in rats

The above data suggest changes in stimulus evoked, but not

necessarily spontaneous release rate post-status epilepticus.
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Figure 4 Pilocarpine-induced status epilepticus (SE) enhances vesicular release and endocytosis at mossy fibre terminals in CA3 stratum
lucidum. (A) Time-lapse two-photon images from control and post-status epilepticus SpH-expressing MFBs in the proximal apical dendritic
region of field CA3. Solid arrows indicate puncta that showed activity-dependent fluorescence changes during a 600 pulse/20 Hz stimulus
train. The broken arrows in (A, bottom row) show there were some slowly fluorescing boutons in the epileptic slices. (B) Representative
time course of normalized fluorescence intensity of individual boutons from a control (black traces) and a post-status epilepticus (red
traces) slice in response to the 600 pulse/20 Hz mossy fibre stimulation (black bar shows duration of the train). (C) Normalized, evoked
SpH fluorescence increases in response to a 600 pulse/20 Hz mossy fibre stimulus train, in MFBs from control (filled black circles,

Fpeak = 1.47 £ 0.03, n = 10) versus post-status epilepticus (open red circles, Fpeak = 2.02 £ 0.15, n = 8) slices. Fpea Was significantly
increased in post-status epilepticus slices (P < 0.05, Student's t-test; all values mean £ SEM). (D) Frequency distribution histogram of
normalized peak SpH fluorescence for all MFBs in post-status epilepticus (Fpeax = 1.76 £ 0.04, 100/115 puncta and 3.89 & 0.10, 15/115
puncta) versus control slices (Fpeak = 1.41 4 0.025, 93 puncta). Inset is a cumulative histogram of normalized peak SpH fluorescence,
P < 0.001, Kolmogorov-Smirnov test. (E) Mean fluorescence values of scaled SpH fluorescence decay (data normalized to respective peak
fluorescence values from (C) after cessation of stimulation, control (filled black circles) and post-status epilepticus (open red circles). Inset
represents mean & SEM of individual decay constants derived by a single exponential fit to the SpH fluorescence decay curve. Control
(black bar), 7=10.4 £ 0.77s, n = 67 and post-status epilepticus (red bar), T =7.23 +0.32s, n = 133 (*P < 0.05, Student's t-test). Scale
bar: A =5um.

To measure presynaptic spontaneous release from the RRP, we
loaded FM1-43 by hypertonic shock (800 mOsm/20s), followed
by bath application of tetrodotoxin (1 uM), and extracellular [K*]
raised to 15mM [K*lo (High[K+]o) to facilitate action
potential-independent release (Axmacher et al., 2004). To mark
the early phase of action potential-independent release, we moni-
tored the magnitude of FM1-43 destaining within the first 4.5 min
of High[K+]o application (Fig. 5D), which showed no significant
difference between control (~15%) and post-status epilepticus
(~20%) MFBs (P > 0.20, Student's t-test). To determine whether
steady-state spontaneous release was altered, we examined the
late phase of spontaneous release 10-25min after application of
High[K+]o (Fig. 5E). As in the early phase, there was no

significant difference between the two groups after 25min of
HighlK +]o, indicating action potential dependent and independ-
ent vesicular release from the RRP are differentially regulated in
the post-status epilepticus state.

Status epilepticus elicits long-term
ultrastructural reorganization of active
zones in rat mossy fibre boutons

Previous literature has shown clear correlations between release

probability and synapse morphological parameters such as sizes
of the RRP (Dobrunz and Stevens, 1997) and rapidly-recycling
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Figure 5 Pilocarpine-induced status epilepticus (SE) enhances evoked, but not action potential independent, presynaptic vesicular release
of FM1-43 from the RRP in MFBs. (A) Two-photon image of a control field CA3 showing FM1-43 loaded RRP of MFBs. The solid
arrows show staining of giant mossy fibre terminals in the proximal region of CA3 stratum lucidum. The rectangular box outlines FM1-43
staining of puncta distal to the CA3 pyramidal cell bodies and much smaller in size, likely to be associational-commissural synapses.

(B) Representative time-lapse images of FM1-43 destaining from the RRP using repetitive mossy fibre stimulus bursts (50 stimuli/20 Hz
each 305) to evoke release from MFBs in control and 2-month post-SE slices, respectively. [B (1 and 4)] Pre-stimulus baseline fluorescence,
[(B (2 and 5)] fluorescence intensity after 15 trains, and [B (3 and 6)] fluorescence intensity after 30 trains of mossy fibre stimulation. Solid
arrows indicate regions of interest >2 um in diameter that showed robust stimulus dependent FM1-43 destaining. (C) Time course of
FM1-43 destaining of MFBs in 1-2 months (2 M) post-SE slices (filled red circles, 0.36 + 0.03, n = 6), aged-matched controls (filled black
circles, 0.49 £ 0.04, n =5), >11 month (11 M) post-SE slices (open red circles, 0.79 & 0.04, n = 5) and aged-matched controls (open
black circles, 0.62 & 0.04, n = 6). All points are mean £ SEM of normalized fluorescence decay at 30th stimulus burst. P < 0.05, Student'’s
t-test. (D) Time course of first 4.5 min of action potential independent FM1-43 destaining in presence of tetrodotoxin (TTX; 1 um) and
15mM [K +]o from the RRP in MFBs of 1-2 months post-SE slices (filled circles, n = 4) and aged matched control (open circles, n = 5)
slices (all points are mean + SEM). Decay after 4.5 min in High[K + Jo: Control = 0.86 + 0.028 (~14% of pre-stimulus baseline) and
post-SE = 0.80 + 0.034 (~20% of pre-stimulus baseline; P > 0.20, Student's t-test). (E) Late phase of spontaneous release. Time course
of renormalized spontaneous FM1-43 destaining after 10-25 min in High[K + Jo. Control normalized destaining = 0.85 + 0.02 and post-SE
destaining = 0.81 £ 0.02 (P > 0.20, Student's t-test, all points are mean £ SEM). Scale bars: A =20pum; B =10um.

pools (Murthy et al., 1997), active zone size (Schikorski and
Stevens, 1997; Matz et al., 2010) also known as ‘release sites’,

Transmission electron microscopy shows that large MFBs (2-5 pum
in diameter) had multiple active zones facing postsynaptic densities,

postsynaptic density (Schikorski and Stevens, 1997) and presynap-
tic bouton size (Matz et al., 2010). Since we found increased
release probability post-status epilepticus as measured by both
SpH (Fig. 4C) and FM1-43 destaining (Fig. 5C), we examined
possible ultrastructural rearrangements in MFBs in CA3 stratum
lucidum in post-status epilepticus and age-matched control
Sprague-Dawley rats (Fig. 6A).

contained mitochondria of various sizes, and were filled with
numerous small and large clear synaptic vesicles distributed through-
out the terminal (Fig. 6A), as described previously (Amaral and Dent,
1981; Chicurel and Harris, 1992; Rollenhagen et al., 2007).
Asymmetric active zones were distinguished at MFBs synapses by
the dense accumulation of synaptic vesicles in close proximity to the
presynaptic density and characteristic widening of the synaptic cleft.



Abnormal pre-synaptic structure and function in epilepsy Brain 2012: Page 11 of 17 | 11

Control Post-SE

#5Vs in RRP
i

5 g
70 E” 0 Tas
5 g 60 iu
s F = 50 a8
P

ost-SE gw C PostSE £ 4 C PostSE

g
g - e
D 20 & 20
[ Lo
200 400 60O 8OO 1000 1200 ] 5 w0 15 20 25 30 3B S o 20 40 &0 80 100 4 o 2 4 L 8
AZ Length (nm) Number of SVs in RRP Number of SVs in RP Number of docked SVs
g 10 Control s 10 Cuntrgl g" Contrgl § 10 Contrgl
B oa N B0 B T os
Post-SE & N poct. 8 g
§ 08 - PSE % N postse e
£ o KSZ=178 g k-5 Z=248 g K-S 2=137 Y
L = = 2
g 02 P<0.005 E 02 P<0.001 E P<0.05 Efe
o o (5] o
Wi 1 1 2 b I R T ] 1 150 Mu 2 4 ] a
AZ Length (nm) Mumber of SVs in RRP Number of SVs in RP Number of docked SVs

Figure 6 Transmission electron microscopy of active zones (AZ) in MFBs of control and post-status epilepticus (SE) rats.

(A) Representative transmission electron microscopy images of control (/eft) and post-SE (right) MFBs illustrating active zones on synaptic
excrescences (se) showing an apparent increase in synaptic vesicle density in post-SE MFBs. Boxed areas are depicted at higher
maghnification (x4) in images (B and C), showing arrangement of vesicles in the active zones of control and post-SE MFBs. Notice the
larger density of vesicles and length of active zones in post-SE MFBs. (D) Frequency histograms and bar graph representation of data for
active zone length, number of synaptic vesicles (SV) in RRP and releasable vesicle pool (RP), and number of docked synaptic vesicles.
Notice appearance of increased number of active zones exhibiting larger lengths post-SE (>800 nm). (E) Cumulative histograms for these
variables in control versus post-SE groups revealed significant rightward shifts toward larger sizes (Kolmogorov—Smirnov (K-S) two-sample
test). Scale bars: A =2 um; B-E = 500 nm. D = dendrite.
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Table 1 Summary of quantitative analysis of structural variables in active zones of MFBs

C. Upreti et al.

Control, Mean + SD Post-status Percentage K-S, P
epilepticus, of control
Mean + SD
Active zone ultrastructural variables

Length of active zone (nm) 364.91 + 44.81 485.27 + 59.63 133.5 <0.005
Length of synaptic cleft (nm) 26.93 + 3.91 29.95 +2.46 107.4 0.31
PSD area (mm?) 12.31 £3.03 16.90 £+ 3.31 136.9 <0.005
Number of SVs in RRP 7.43 £3.12 894 +£1.78 120.3 <0.001
Number of SVs in the releasable pool 31.07 + 6.05 3344 £7.13 107.6 <0.05
Number of docked SVs per active zone 1.96 + 0.68 2.63 £0.56 134.2 <0.0005
Docked SVs per active zone length (SV/mm) 5.48 +1.75 5.88 4+ 0.90 108.9 <0.05
Percentage of docked SVs of RRP 27.92 £ 6.45 29.56 + 3.24 105.85 0.59

Measurements were obtained from analysis of active zone variables in MFBs. Statistical comparisons were made using the Kolmogorov-Smirnov (K-S) two-sample test, with

statistical significance set at P < 0.05. Values are presented as means + SEM.
PSD = postsynaptic density; SV = synaptic vesicle.

There was a significant increase in number of active zones per
MFB in post-status epilepticus rats (130 active zones in six control
rats, 5.1 &+ 1.36 active zones per MFB; 286 active zones in seven
post-status epilepticus rats, 7.7 +3.05 active zones per MFB,
Student's t-test, P < 0.05). The number of perforated synapses
was also significantly increased in MFBs from post-status epilepti-
cus animals (46 of 286, 16.1%) compared to controls (12 of
130, 9.2%, Student's t-test, P < 0.05). The majority of electron
microscopy variables failed to follow normal distributions, necessi-
tating use of a non-parametric Kolmogorov-Smirnov two-sample
test to assess between group differences in distributions. As
reported previously (Chicurel and Harris, 1992; Rollenhagen
et al., 2007), individual active zones varied substantially in shape
and size; both large and small active zones were found in control
(104-887 nm) and post-status epilepticus (105-1837 nm) hippo-
campus. Frequency distributions revealed the presence of a distinct
group of synapses of larger length in epileptic animals that was
absent in controls (Fig. 6D). A cumulative histogram indicated a
significant leftward shift towards larger individual active zone
lengths in MFBs post-status epilepticus (Fig. 6E), compared with
controls (Table 1, Kolmogorov-Smirnov test, P < 0.005). There
was also a significant increase in mean postsynaptic density area
in the post-status epilepticus group (Table 1) compared to controls
(Table 1, Kolmogorov-Smirnov test P < 0.005, ~37% increase).
In contrast, no significant changes were detected in average syn-
aptic cleft width between control and post-status epilepticus active
zones (Table 1).

It has been previously suggested that a rapid refilling of the RRP
from a larger releasable vesicle pool is a key mechanism in ensur-
ing fidelity of mossy fibre-CA3 pyramidal cell neurotransmission
(Suyama et al., 2007). To determine whether ultrastructural or-
ganization of synaptic vesicle pools is altered post-status epilepti-
cus, we measured the number of vesicles docked, within 60 nm of
the active zone, 60-200 nm from an active zone, and >200nm
from an active zone, in MFBs of control versus epileptic animals.
The RRP was defined as the sum of docked vesicles and those
within 60nm of the active zone, while the releasable pool
was defined as vesicles 60-200nm away from an active zone

(Suyama et al., 2007). Compared with controls, post-status epi-
lepticus increased number of docked (+34.2%), RRP (+20.3%),
and releasable pool (+7.6%) synaptic vesicles (Fig. 6D and
Table 1). A significant difference was detected in the analysis of
the cumulative distributions of these variables by Kolmogorov—
Smirnov test (Fig. 6E and Table 1). Although the percentage of
docked vesicles relative to RRP size was not significantly different
(Table 1), the average number of docked vesicles per length of
active zone was significantly higher for post-status epilepticus
(+8.9%, Table 1). Additionally, the number of synaptic vesicles
in each of these pools was significantly correlated with the length
of individual active zones in both control (RRP: r = 0.33, P < 0.001
and releasable pool: r=0.41, P < 0.001) and post-status epilepti-
cus MFBs (RRP: r=0.57, P < 0.001 and releasable pool: r=0.55,
P < 0.001, Supplementary Fig. 3).

In order to assess endocytosis, we measured the number and
percent of clathrin-coated vesicles 0-200nm from an active zone
(Fig. 7A) and the area of membranous regions apparently inter-
nalized at the active zone, indicative of ‘bulk endocytosis’
(Fig. 7B), in MFBs of control and post-status epilepticus. There
were no statistical differences in percent of synapses exhibiting
one or two putative clathrin-coated vesicles at active zones
between control (22.7 £10.1%) and post-status epilepticus
(22.0+7.1%, Fig. 7C) animals, or percent synapses exhibit-
ing bulk endocytosis (control: 48.7 +13.1%, epileptic:
40.7 & 15.8%). In contrast, the area of large elliptical or irregular
membranous structures at the active zone was significantly higher
at MFB synapses post-status epilepticus (5662 + 385nm?) com-
pared with controls (2917 =+ 287 nm?, Kolmogorov-Smirnov test,
P < 0.001, Fig. 7D), suggesting increased rate of endocytosis.

Taken together, our electron microscopy data show
pilocarpine-induced status epilepticus leads to a profound and
long-lasting rearrangement of MFB transmitter release sites, result-
ing in significant increases in number of release sites per MFB,
length of individual release sites, and RRP and releasable pool
vesicle pools sizes that may underlie persistent increases in func-
tional transmitter vesicular release rates, magnitude and recycling
properties.
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Figure 7 Representative transmission electron microscopy images of active zones in MFBs exhibiting structural signs of clathrin-mediated
endocytosis and 'bulk endocytosis’ in control versus epileptic rats. (A) Putative clathrin-coated (dark) vesicles (white arrowheads) located
proximal to presynaptic membrane active zones synapsing on spines (S) of control and post-status epilepticus (SE) MFBs. (B) Irregular
membranous structures (black arrowheads) near active zones on spines were observed in both control and post-SE MFBs. Note these
structures were larger in post-SE rats. (C) Mean + SEM% active zones positive for clathrin-coated vesicles, showing no difference in
control versus post-SE rats (P > 0.20, Student's t-test). (D) Cumulative histogram plot of bulk endocytosis area showing a significant
rightward shift on the size distribution towards larger values in post-SE MFBs (red) compared with controls (blue, P < 0.001, Kolmogorov—
Smirnov test). Inset: mean area of bulk endocytosis in control (black) versus post-status epilepticus (red) rats (*P < 0.05, Student's ¢-test.

Scale bars: A, B =500 nm.
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Discussion

We describe here a set of long-term alterations in presynaptic
morphology and synaptic vesicle recycling at mossy fibre-CA3 ter-
minals of rats and mice subjected to pilocarpine-induced status
epilepticus, a model of temporal lobe epilepsy that results in spon-
taneous recurrent seizures within 2 months in ~97% of rats
(Leite et al., 1990; Cavalheiro et al., 1991; Mello et al., 1993;
Priel et al., 1996) and mice (Cavalheiro et al., 1996; Muller et al.,
2009). In rats, the latent period ranges between 1 and 6 weeks
(Curia et al., 2008), with the mean latent period between 15-18
days (Leite et al., 1990; Priel et al., 1996), and depends on the
duration of status epilepticus, where a 2-h status epilepticus cor-
responds to about a 7-day long latent period (Goffin et al., 2007).
In mice, the latent period is ~14 days (Cavalheiro et al., 1996),
therefore, an overwhelming majority of our animals likely de-
veloped spontaneous seizures prior to experiments. Observed
presynaptic changes include increases in (i) MFB size; (i) number
of release sites per MFB; (iii) number of vesicles in the RRP and
releasable pool; (iv) active zone length; (v) action potential-driven
vesicular release rate measured with either FM1-43 or in
SpH-expressing transgenic mice; and (vi) enhanced vesicle endo-
cytosis. These alterations persisted for at least 1 month following a
single sustained status epilepticus.

Functional enhancement in vesicular transmitter release from
MFBs correlates well with previously reported structural changes
(number of docked synaptic vesicles or the RRP, area of postsy-
naptic density, active zone length) that track vesicle release
probability (Schikorski and Stevens, 1997; Matz et al., 2010), sug-
gesting that the morphological changes are probably components
of the response to hyperactivation that underlie enhanced trans-
mitter release. This agrees with a previous report that kainic
acid-induced seizures lead to an increase in glutamate release
from the RRP and loss of paired pulse facilitation (Goussakov
et al., 2000), suggesting that seizures of a variety of causes may
lead to persistent increases in basal release probability.

The significant increase we observed in FM1-43 destaining
post-status epilepticus and the correlated increase of vesicle pool
sizes measured by transmission electron microscopy suggest an
increase in both initial release probability and size of the readily
releasable and rapidly recycling vesicle pools. Previous reports sug-
gest that the size of the recycling pool is an important determinant
of sustainability of release with prolonged activation (Suyama
et al., 2007), consistent with the increases we observed
post-status epilepticus. While our transmission electron microscopy
SpH and Alexa Fluor 594-dextran loading data all indicate that
MFBs show increased size and larger numbers of synaptic vesicles
for months after status epilepticus; the new population of termin-
als, with significantly larger size and faster release rate, could be
from modification of existing terminals, ectopic MFBs, or both,
and remains to be determined. Also, since individual MFBs contain
multiple active zones (Hallermann et al., 2003), we cannot tell
whether increased release probability at MFBs (Figs 4D and 5C)
occurs at the level of individual active zones switching to a high
release state, or whether there is a uniform increase in release
probability across all active zones. Additional changes such as
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increases in the number of active zones per bouton and size of
the RRP and releasable pool in individual active zones also suggest
persistent increase in glutamate release that could be a key con-
tributor to death of CA3 pyramidal neurons characteristic of
hippocampal sclerosis. Increases in the density of perforated syn-
apses have been associated with synaptogenesis and post-lesional
compensatory plasticity (Itarat and Jones, 1992; Luke et al., 2004;
Adkins et al., 2008). Increased incidence of perforated mossy fibre
synapses after status epilepticus suggest that synaptic connectivity
undergoes structural remodelling favouring synapses, with poten-
tially higher transmission efficiency during the process of
epileptogenesis.

Using SpH fluorescence, we derived a decay constant of
10.4 £0.77s for control boutons (Fig. 4E), similar to previous
reports of an endocytic time constant of 9.0 £5.5s estimated
using capacitance recordings at MFBs (Hallermann et al., 2003).
Our observations of accelerated recovery of stimulus-evoked SpH
fluorescence in slices from post-status epilepticus mice, but lack of
differences between the number of clathrin-coated vesicles in elec-
tromicrographs between the post-status epilepticus and control
groups, could be due to an enhanced rate of endocytosis
that may or may not depend on clathrin, increased local recycling
of vesicles to the RRP (Stanton et al., 2003) or to the recycling
pool after exocytosis (Wu and Wu, 2009), increase in bulk
endocytosis (retrieval of larger membrane area, Table 1) or com-
binations of the above. Also, tissues used for electromicrographs
were not electrically stimulated prior to fixation, and thus do not
necessarily reflect activity-dependent endocytic events but, more
likely, the steady-state of the presynaptic bouton ultrastructure.

The 1-2 month time point post-status epilepticus used in our
experiments corresponds to the period of occurrence of spontan-
eous seizures in both rats (Leite et al., 1990; Cavalheiro et al.,
1991; Priel et al., 1996; Dudek and Sutula, 2007) and mice
(Cavalheiro et al., 1996; Muller et al., 2009; Schauwecker,
2012). Interestingly, in contrast to the early increase in MFB
release probability, we found that, at very long survival periods
post-status epilepticus (11-12 months), rates of MFB release were
markedly reduced. The reduced transmitter release from the RRP
in these animals could either reflect long-term compensatory
changes or dysfunction of presynaptic release machinery. Our
observation that action potential independent RRP release rate in
tetrodotoxin (1um) was not altered by pilocarpine seizures indi-
cates that action potential dependent and independent regulation
of the RRP is very different, perhaps due to potentially distinct
pools of vesicles and mechanisms between evoked and spontan-
eous release (Fredj and Burrone, 2009; Chung et al., 2010).
We cannot rule out the possibility that new vesicle pools may
contribute to action potential independent release of glutamate
post-status epilepticus.

Our functional data demonstrating that post-status epilepticus
state leads to increased vesicular release and endocytotic rates,
and electron microscope data showing increased presynaptic
active zone length, membrane invaginations, clathrin-coated ves-
icles and vesicle pool sizes, are all consistent with the conclusion
that post-status epilepticus state is associated with long-term
increases in transmitter release from MFBs, and perhaps other
glutamatergic terminals. Since brain-derived neurotrophic factor
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is highly expressed in presynaptic MFBs (Danzer and McNamara,
2004) and can elicit long-term enhancements in both transmitter
release and size of the RRP (Zakharenko et al., 2003; Tyler et al.,
2006), neurotrophins seem a likely candidate mediator of these
presynaptic alterations.

Whether increase in stimulus evoked release following-status
epilepticus results from alterations in Ca®* influx, release of
Ca’?* from internal stores per se, or whether there are down-
stream changes in SNARE protein sensitivity to Ca?* is not
known. A recent study (Pacheco et al., 2008) found that pilocar-
pine seizures also cause downregulation of large conductance
calcium-activated potassium (BK) channels in MFBs, reductions
that could slow hyperpolarization and increase terminal Ca®*
influx. Levels of the Ca?* buffer calbindin D-28K are also lowered
in MFBs after pilocarpine seizures (Carter et al., 2008), a change
that could further increase presynaptic Ca®* influx, dysregulate
Ca?* homeostasis and  promote release
(Hallermann et al., 2003).

In summary, our study is the first, to our knowledge, using the
pilocarpine model of temporal lobe epilepsy in SpH-expressing
transgenic mice, a new tool to investigate presynaptic alterations
in epilepsy with potential application for other CNS diseases that
may involve presynaptic dysfunction. Our studies indicate that the
early phase of the pilocarpine model of temporal lobe epilepsy is
associated with persistent structural changes in mossy fibre
presynaptic terminal size, vesicle pools and active zones that are
correlated with functional increases in rates of action potential-
driven vesicular release and associated endocytotic recycling. The
time course and mechanisms underlying these changes suggests
the presynaptic terminal as a novel target for new therapeutics to
treat epilepsy, especially temporal lope epilepsy.
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Abstract:

Levetiracetam (LEV) is a new type of antiepileptic drug (AED) exhibiting selective seizure protection in chronic animal models
of epilepsy. LEV binds selectively to the synaptic vesicle protein SV2A, indicating a presynaptic site of action to counter
hyperexcitability. In this study, we evaluated the in vitro effects of LEV on excitatory synaptic transmission in the pilocarpine
model of mesial temporal lobe epilepsy (MTLE). It has been reported that expression levels of SV2A decline during the
course of human epilepsy and in experimental MTLE. We hypothesized that LEV action may be differentially affected during
epileptogenesis and in transgenic mice with altered SV2A expression. For this purpose, we assessed LEV effects on
excitatory synaptic transmission in slices from pilocarpine-treated epileptic and control mice with different SV2A genotypes,
by recording AMPA receptor-mediated miniature excitatory postsynaptic currents (MEPSCs) in dentate granule cells using
whole cell patch-clamp recording. Different concentrations of LEV (5, 50 and 100 microM) were bath applied to evaluate
effects on mEPSC frequency and amplitude. Double SV2A/SV2B knockout (KO) mice were not included in this study due to
early life mortality. 14% of SV2A heterozygous KO mice exhibited spontaneous seizures (epileptic). LEV induced a significant
decrease of mMEPSC frequency in granule cells from SV2A wild-type (26% reduction) and heterozygous mice (37% reduction)
when compared to pre-drug baseline. LEV (100 uM) failed to modify mEPSC frequency in ~ 60% of slices from SV2A KO
mice, while a paradoxical increase of mMEPSC frequency was detected in the rest of the slices. LEV still induced a significant
decrease of mMEPSC frequency (51.7% reduction, paired t-test, P<0.05) in slices from SV2A/SV2B (wild-type) mice sacrificed
2-4 months after status epilepticus. LEV exerted no significant effects on mEPSC amplitude in any group. Our findings
indicate that LEV acts presynaptically to inhibit glutamatergic drive onto dentate granule cells in control and chronically
epileptic mice, but that this effect is more pronounced in epileptic slices. Lack of SV2A expression occluded the inhibitory
effect of LEV on excitatory transmission in a subset of animals, while a paradoxical increase of glutamate release was
detected in the rest. Although LEV selectively binds SV2A in normal brain, it is possible that compensatory changes (i.e.
abnormal splicing) of remaining SV2B and SV2C proteins may provide additional non-SV2A LEV binding sites in SV2A KO
and in epileptic mice with significant implications for the development of novel LEV-like AEDs.
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